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ABSTRACT 
Hybrid wine grape cultivars such as St. Croix (E.S. 283 x E.S. 193), Brianna 
(‘Kay Gray’ x E.S. 2-12-13), Frontenac (‘Landot 4511’ x University of Minnesota 89), 
La Crescent (‘St. Pepin’ x E.S. 6-8-25), Frontenac gris (single bud sport cane from 
‘Frontenac’), Marquette (MN 1094 x Ravat 262) have been developed to be cold-hardy 
and disease-resistant in order to thrive in the cold climates such as the upper Midwest.  
Grape growers, area of grape production, wineries, and wine production has been 
increasing since the early 2000.  The Iowa wine industry generated a $420 million (USD) 
economic impact in 2012.  Cold-climate winemakers will encounter difficulties otherwise 
not encountered in areas where vinifera thrive.  These struggles include high titratable 
acidity and low tannins, resulting in the perceptions of tartness and a lack of body and 
mouthfeel.  Data about aroma profiles from volatile organic compounds of these grapes 
and wines are also lacking.  To investigate the phenolic content of Marquette, Frontenac 
and St. Croix grape skins and seeds, at veraison and harvest, pigments and anthocyanins 
were exhaustively extracted, assayed by protein precipitation and bisulfite bleaching, and 
analyzed by spectrophotometer.  Total tannins (from skins and seeds) decreased from 
veraison to harvest (0.62 mg catechin equivalents or CE per berry to 0.30 mg CE/berry).  
Monomeric pigments accounted for over 50% of the total color at pH 4.9.  Short and long 
polymeric pigments accounted for less than 25% of the total color at pH 4.9.  To 
investigate the volatile organic compounds emitted in-vivo from Frontenac, Marquette, 
St. Croix, and La Crescent during ripening, two novel SPME sampling devices were 
developed and metabolites were analyzed by GC-MS.  PCA analysis of these volatile 
metabolites accounted for 26.8-79.9 percent of the variability, and a comprehensive 
ix 
summary of these metabolites was reported.  To investigate the effects of harvest time on 
aroma profile of wines, berries of Marquette, Frontenac, Frontenac gris and Brianna were 
harvested at different time points and research wines were made.  Research wines were 
analyzed by an automated headspace SPME-GCMS-olfactometry method, and a 
comprehensive summary of these volatile organic compounds was reported.  
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CHAPTER 1. GENERAL INTRODUCTION 
Quality wine comes from quality grapes.  What gives value to these grapes is 
complicated.  Consumers have come to associate wines with a certain history and 
heritage.  Viticulture and winemaking practices in regions such as Bordeaux or Burgundy 
have long made a name for themselves.  Yet, advances in agriculture and food science are 
increasing production standards in the rest of the world.  Dare we say, increasing quality 
of the ‘New World’.  Can quality grapes be grown in the ‘New World’, in turn making 
‘New World’ wines competitive on the global market? 
In Iowa, the climate swings between frigid winters (-28° C) to hot and humid 
summers (32-38 °C) [1].  The disease pressure is too much for V. vinifera to produce 
consistent yields.  With the introduction of cold-hardy wine grapes such as La Crescent, 
Frontenac, Marquette, and St. Croix by the University of Minnesota and Elmer Swenson, 
came a boon to the Midwest wine industry.  These hybrid cultivars have been developed 
to be cold-hardy and disease-resistant.  Grape growers, area of grape production, 
wineries, and wine production have been on the rise since the early 2000s [2] and 
reported to have an economic impact of $420 million US dollars in 2012 [3]. 
St. Croix was introduced in the early 1981 [4] followed by Brianna in 2001 [4] by 
Elmer Swenson.  Frontenac was released in 1996 [4], La Crescent in 2002 [4], Frontenac 
gris in 2003 [4] and Marquette in 2006 [4] by the University of Minnesota.  Winemakers 
have not had the time to fine-tune wines made from these new varieties when compared 
to centuries of experience and research on vinifera. There is less information available 
about these new cold-hardy varieties, and even less information about the grapes’ quality 
when grown in Iowa. 
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At least five parameters can be monitored throughout grape development and 
used as benchmark indicators of berry quality and used to determine optimum harvest 
time.  These metrics are total soluble solids (TSS, percent sugar content measured in 
°Brix), titratable acidity (TA, measured in g/L of tartaric acid equivalents), phenolic 
content, pH, and aroma compounds. General harvest parameters for Brix, TA, and pH are 
given in Table 1, and are dependent on the chosen wine style.  In general, as grapes 
ripen, sugar content increases, TA decreases, pH increases, skins visibly darken, and 
flavors evolve.  Since the introduction of these cold-hardy varieties, data on berry 
chemistry has been collected, mostly from the University of Minnesota.  These 
measurements are given in Table 2.  The artistry in winemaking comes into play, when 
these metrics are in perfect balance and result in the desired style of wine.  The problem 
is that these cold-hardy cultivars do not fit the mold of recommended harvest parameters, 
because these parameters were developed from ‘Old World’ grapes. 
Table 1. Recommendations for grape composition at harvest. 
Wine style °Brix TA (g/L) pH 
Sparking base 18-22 7.0-9.0 2.8-3.2 
White table 19.5-23.0 7.0-8.0 3.0-3.3 
Red table 20.5-23.5 6.5-7.5 3.2-3.4 
Sweet table 22.0-25.0 6.5-8.0 3.2-3.4 
Dessert 23.0-26.0 5.0-7.5 3.3-3.7 
Adapted from Boulton et al. 1996, p. 54 [5] 
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Table 2. Known grape composition of select cold-hardy cultivars at harvest [4] 
Variety Color Brix TA (g/L) pH Associated aromas Phenolic content 
Brianna White   3.2-3.4 Fruity, apricot, peach, pineapple, honey  
Frontenac Blue 24-30 7.4 - 15.4 2.9-3.24 
Cherry, berry, plum (UM); cherry, black 
current, red fruit, grass, green bean, 
evergreen and chocolate (ISU) 
 
Frontenac gris Gray 25.6-28 13.7-14 3 
Peach, apricot, citrus, tropical (UM); 
Pleasant (ISU) 
 
La Crescent White 22.6-27.6 9.3-15.7 2.63-3.00 
Citrus, tropical (UM); Apricot, peach and 
citrus (ISU) 
 
Marquette Black 25.9-26.1 12 2.95-3.0 
Cherry, black currant, blackberries, 
pepper, plum, tobacco, leather, and spice 
(ISU) 
Medium (ISU) 
St. Croix Blue struggles to 20 Moderate   Neutral to tobacco-like (ISU) Very low 
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Wines made from these grapes can have 11% to 16.5% ethanol by volume but 
will be very tart due to the high levels of TA.  There are two main organic acids in grapes 
and wine, tartaric acid and malic acid.  Tartaric acid levels remain steady during berry 
ripening, but malic acid decomposes rapidly during hot summer temperatures.  This 
explains why TA in grapes grown in warm climates are much lower than Iowa.  High 
malic acid in grape must (i.e. grape skins, seeds, and pulp) can be remediated through 
malolactic fermentation (MLF) to deacidify the wines. 
Phenolic content in these wines are also poorly characterized.  An issue is the lack 
of adequate body or mouthfeel in red wines made from these cold-hardy varieties.  These 
sensory attributes are imparted by the tannin content in the wines.  Research has shown 
that the grape-derived tannins are lower in red hybrid wines than in V. vinifera wines but 
is thought to be a combination of low tannin in the grape and low tannin extractability 
into the wine [6].  This concern is not as easily remediated by tannin additions in the 
winemaking process, due to protein binding [7]. 
There are several hurdles to making wines in northern climates when berry 
ripening has to happen in a timespan of a couple summer months.  Some of these issues 
can be remediated through chaptalization (addition of sugar), canopy management to 
degrade malic acid, or undergoing MLF [5].  Tannin additions, with the hope of making a 
full-bodied red wine, may not be cost effective with these hybrids [7].  Desired aromas 
can be maximized when the grapes are harvested for flavor.  Despite these difficulties, 
the Iowa grape and wine industry is trending upwards; therefore, research to support this 
growing industry is warranted. 
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Research Motivation 
(1) This dissertation reports the grape chemistry (i.e., pH, titratable acidity, total 
soluble solids, and phenolic content) of Frontenac, Marquette, St. Croix varieties during 
the 2012 growing season.  Two research vineyard locations are reported: Iowa and South 
Dakota. 
(2) This dissertation monitors aromatic compounds emitted in vivo from 
Frontenac, Marquette, St. Croix and La Crescent varieties during the 2012 and 2013 
growing season.  Two novel, non-destructive, in vivo sampling methods are presented, 
and compared to a destructive sampling method. 
(3) A companion dataset is presented, accompanying research motivation (2), and 
is a communication to disseminate the collection, treatment, and analysis of the data in 
order to make this research more reproducible and more accountable. 
(4) This dissertation investigates the key aroma compounds in Marquette and 
Frontenac wines made from berries harvested at 2 different time points (i.e. 22 and 24 
°Brix) using simultaneous chemical and sensory analysis.  Linking key aroma 
compounds in wine to viticultural practices can help the industry make ‘signature’ wine 
styles for a particular region. 
(5) Finally, this dissertation characterizes the aroma profile of Frontenac gris and 
Brianna wines made from berries harvested at different time points using GC-MS-O.  
Multivariate analysis of mass spectral data was presented alongside sensory descriptors 
from industry professionals. 
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Dissertation Organization 
Chapter 2 (Evaluation of tannins and anthocyanins in Marquette, Frontenac, and 
St. Croix cold-hardy grape cultivars) is modified from a manuscript published in 
Fermentation [8], corresponding to the first research goal (1).  Chapter 3 (Evaluation of 
volatile metabolites emitted in vivo from cold-hardy grapes during ripening using SPME 
and GC-MS: a proof-of-concept) is modified from a manuscript published in Molecules 
[9].  Chapter 4 (Biogenic volatiles emitted from four cold-hardy grape cultivars during 
ripening) is modified from a manuscript published in data [10].  Chapters 3 and 4 
correspond to research goals (2) and (3).  Chapter 5 (Determination of selected aromas in 
Marquette and Frontenac wine using headspace-SPME coupled with GC-MS and 
simultaneous olfactometry) is modified from a manuscript published in Separations [11], 
corresponding to research goal (4).  Chapter 6 (Effects of harvest time on aroma of white 
wines made from cold-hardy Brianna and Frontenac gris grapes using headspace solid-
phase microextraction and gas-chromatography-mass-spectrometry-olfaction) is modified 
from a manuscript published in Foods [2], corresponding to research goal (5). Chapter 7 
is a list of other refereed manuscripts completed concurrent with this research. 
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CHAPTER 2. EVALUATION OF TANNINS AND ANTHOCYANINS IN 
MARQUETTE, FRONTENAC, AND ST. CROIX COLD-HARDY GRAPE 
CULTIVARS 
Modified from a manuscript published in Fermentation 
Somchai Rice 1,2,3,4, Jacek A. Koziel 1,2,3, *, Murlidhar Dharmadhikari 3,4, and 
Anne Fennell 5 
Abstract 
Cold-hardy grape cultivars have become popular in northern regions. Wines from 
these cultivars are low in tannins and lighter in color compared to Vitis vinifera. The 
northern regions are striving to enhance desired ″full body″ and red color qualities in the 
wine produced from cold-hardy grapes. The objective of this study was to compare tannin 
and pigment content in skins and seeds of three cold-hardy red grape cultivars, at two 
time points, from two locations, using the Adams-Harbertson (A-H) assay. The A-H 
assay is based on protein precipitation and spectrophotometry. Total tannin 
concentrations detected in Frontenac, Marquette, and St. Croix berries, ranged from 0.29 
to 0.66 mg/berry catechin equivalents (CE). Bitter seed tannins were most abundant in 
Marquette berries (0.54 ± 0.66 mg/berry CE). Softer skin tannins were most abundant in 
St. Croix berries (0.24 ± 0.19 mg/berry CE). Monomeric anthocyanins contributed to 
over 60% of the total color at pH 4.9 and were highest in St. Croix skins (74.21% of the 
total color at pH 4.9). Varying amounts of short polymeric pigments and long polymeric 
pigments were present in grape skins, indicating that pigmented tannins had already 
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formed by harvest. This is the first evaluation of tannins and pigments in Frontenac, 
Marquette, and St. Croix berries
Keywords 
tannins; pigments; Frontenac; Marquette; St. Croix; cold-hardy grapes 
Introduction 
The phenolics in wine and grapes are a complex mixture. Grape phenolics can be 
classified into non-flavonoid and flavonoids. Both of these classes are reported to have 
antioxidant, anti-carcinogenic, and anti-inflammatory benefits to human health [1], but 
only flavonoid phenolics appear to influence perceived sensory attributes of grapes and 
wine [2]. Flavonoids are further categorized into four chemical classes including 
flavonols (e.g., quercetin), monomeric flavan-3-ols (e.g., catechins), tannins (condensed 
flavan-3-ols), and anthocyanins (e.g., pigment molecules such as malvidin-3-glucoside) 
[3]. Only flavan-3-ols and anthocyanins are evaluated in this research. 
Ultraviolet light exposure increases the level of flavonols in Pinot noir [4]. Since 
high levels of flavonols are important for wine quality, quantification of flavonols could 
be a way to monitor sun exposure, thus improving grape quality. Flavonols and 
hydroxycinnamates can react with anthocyanins to stabilize red wine color. This 
manifestation is termed co-pigmentation [5]. Wines produced from low acidity 
Tempranillo grapes had higher total anthocyanin levels when using S. pombe and L. 
thermotolerans selected yeast strains in conjunction with Oenococcus oeni than 
traditional S. cerevisiae and Oenococcus oeni for malolactic fermentation [6]. 
Flavan-3-ols originate from the berry skins and seeds at varying levels between 
cultivars [7]. Flavan-3-ols are thought to be key components associated with the 
bitterness and astringency found in the seed. These monomeric subunits are catechin, 
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epicatechin, epigallocatechin, epicatechin gallate, and epigallocatechin gallate. Flavan-3-
ol monomers are also produced before veraison and decrease during fruit ripening [8]. 
When grape-derived flavan-3-ols polymerize, they become condensed tannins and 
are responsible for mouthfeel, body, and astringency of quality wines. These polymers 
react with proteins, resulting in the ″leathery″ mouthfeel. Monomers do not react with 
proteins. Astringency is dependent on the size of these polymers; the greater the size, the 
greater the astringency. There are a large number of phenolics belonging to the tannin 
chemical class. This can be explained by three factors: (1) differences in the combination 
of the four subunits; (2) length of the polymer (mean degree of polymerization); and (3) 
the way these tannins are cross-linked. The permutation of these three factors results in 
the complexity of a large number of tannins [9]. 
Very little is known about the tannins in the recently developed cold-hardy 
interspecific hybrids containing Vitis vinifera and Vitis riparia, Vitis labrusca, or other 
Vitis species. Tannin profiles during berry ripening have been characterized in V. vinifera 
species Cabernet Sauvignon, Petite Sirah, and Merlot [10] Astringent properties of 
tannins are responsible for mouthfeel in wine [11]. Poor mouthfeel is an undesirable 
characteristic, caused by some tannins, and has been associated with wines produced 
from these hybrid grapes [12,13]. Red wines with poor mouthfeel are less attractive to the 
consumer, resulting in decreased commercial value to the winemaker [14]. Therefore, 
research is warranted to quantify total tannins available for extraction in cold-hardy 
grapes. 
Color imparted by anthocyanins is important to consumers, even though they do 
not contribute to the taste or smell of the wine [15]. The exact mechanism and 
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determination of compounds that provide desirable and stable wine color vary by 
cultivar, region, and winemaking methods. Experiments by Somers and Evans show that 
an increase in alcohol production during fermentation corresponds to a decrease in color 
absorbance in a spectrophotometer at 520 and 420 nm, at 10% alcohol. This trend was 
demonstrated in Shiraz fermentation on skins, with anthocyanin content reduced by day 
four of fermentation by 20% [16]. Harbertson et al. report polymeric pigments during 
berry ripening in V. vinifera species Cabernet Sauvignon, Petite Sirah, and Merlot [10]. 
Anthocyanins in cold-hardy hybrid grapes are not well investigated. V. labrusca and its 
hybrids contain diglycoside anthocyanins, whereas V. vinifera contains only 
monoglycoside anthocyanins. Due to the chemistry of these mono- and di-glycosylated 
anthocyanins (pKa = 3.01 and 2.19, respectively), V. labrusca red wine with the same 
concentration of anthocyanin, at the same pH as V. vinifera wine, will be much less red 
colored [9]. 
Anthocyanins are found in the berry skins. Anthocyanins can be bleached through 
reduction and oxidation reactions and these reactions are reversible. Anthocyanins are not 
bleachable when linked with tannins. Anthocyanin color is pH dependent. Equilibrium of 
the flavylium ion (from malvidin-3-glucoside) responsible for the red color of vinifera, is 
only at 10% dissociation at pH 3.5. At pH 3.25, flavylium ion is at 20%. In other words, 
the lower the pH, the higher the intensity of the red color as the result of malvidin-3-
glucoside. The most abundant anthocyanin in V. vinifera red grapes is malvidin-3-
glucoside. Mono-glucoside anthocyanins are well documented in V. vinifera cultivars, but 
di-glucoside anthocyanins are more common in cold hardy hybrids containing native 
American species in their pedigree [9]. Some studies in V. vinifera have shown that 
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anthocyanins develop during fruit ripening in V. vinifera, and upon crushing, polymeric 
pigments are formed [17]. Previous studies show that the color of vinifera wine changes 
from a bright red to brick red color during aging [18]. Free anthocyanin monomers are 
associated with young wine color. Anthocyanins bound with other wine compounds form 
polymeric pigments in wine. When these polymeric pigments are three subunits or 
smaller, they are classified as small polymeric pigments (SPP). Large polymeric 
pigments (LPP) have more than three subunits [19]. The ratio of anthocyanin monomers 
to tannin available prior to fermentation is important and can affect the final 
concentration of LPP. Low tannin concentrations and low monomeric anthocyanins can 
lead to less LPP formation. Consequently, there are many studies characterizing the color 
progression during wine making, but the specific mechanism for polymeric pigment 
formation has not been clarified [20]. 
Research is warranted to establish the amount of tannins and anthocyanins 
available for extraction from cold-hardy grapes into the finished wine product. This paper 
focuses on an evaluation of tannins and pigments in three cold-hardy grapes, collected at 
two time points, in two vineyard locations. Other useful fruit chemistry parameters such 
as pH, titratable acidity (TA in g/L of tartaric acid equivalents), and soluble solids (Brix) 
were measured as benchmarks for comparison. The objective of this study was to 
compare tannin and anthocyanin content in skins and seeds of cold-hardy grape cultivars 
Frontenac (MN 1047, V. vinifera and V. riparia hybrid), Marquette (MN 1211, V. 
vinifera, V. riparia, and other Vitis species hybrid), and St. Croix (Elmer Swenson 2-3-
21, V. riparia and V. labrusca hybrid) at veraison and harvest, in fruit using protein 
precipitation and bisulfite bleaching elsewhere [20]. This approach was chosen due to its 
13 
 
relative simplicity, cost effectiveness, and the availability of a spectrophotometer in most 
industrial laboratories (versus a less affordable HPLC, for example). This information is 
useful for winemakers as a reference for the available tannins and pigments in the grapes 
at the start of fermentation. 
Materials and Methods 
Sample Collection and Berry Extraction 
Frontenac, Marquette, and St. Croix berries were collected during the 2012 
growing season at both vineyard sites. Locations used for this study were the NE 1020 
Multi-state Evaluation of Winegrape Cultivars and Clones [21] research vineyards at the 
South Dakota State University NE Hansen Research Farm and at the Iowa State 
University Horticulture Station. All vines were trained to high cordon and managed with 
similar viticultural practices. For tannin and pigment analyses, three 20-berry samples 
were randomly selected from vines of each cultivar and collected at veraison and harvest. 
The berries were put into plastic zip-top bags and transported back to the lab on ice from 
the Iowa site, and stored in a −20 °C chest freezer until analysis. Samples from South 
Dakota were similarly collected, frozen, and stored at −20 °C until shipment on dry ice 
for analysis at Iowa State University. Juice chemistry analysis was conducted on aliquots 
from another 200-berry sample (3 reps of 60 berries each). 
Before analysis for pigments and tannins, berries were allowed to thaw to room 
temperature. Skins and seeds were carefully separated from the pulp, and the pulp was 
discarded. Skins and seeds were rinsed with deionized water and dried to constant mass. 
Skins and seeds were placed in a 125 mL Erlenmeyer flask containing 50 mL of a 70% 
acetone in water solution (v/v). Flasks were sealed and extracted overnight with gentle 
agitation. The resulting supernatant fractions were decanted to a round bottom flask, and 
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acetone was removed using a rotary evaporator at 38 °C under vacuum. Aqueous extract 
(15 mL) was collected for analysis and stored in a −20 °C freezer until analysis. 
Measurement of Polymeric Pigments and Tannins 
Condensed tannin and anthocyanins in grape skins and seeds were measured 
using the Adams-Harbertson (A-H) protein precipitation assay as previously described 
[10]. Tannins were quantified using catechin as an equivalent and reported as catechin 
equivalents (CE). (+)-Catechin standard solutions were prepared for analysis on a 
Genesys 6 spectrophotometer (Thermo Electron Corp., Madison, WI, USA). A linear, 
unweighted linear regression was used for quantification with an r2 of 0.9975 (not 
shown). Inter-assay variability was 3.7%, calculated from high- and low-quality controls 
analyzed at the beginning and end of the sequence run. Intra-assay variability was 24.5%. 
Juice Chemistry 
Berries were crushed in a bag using a stomacher (Stomacher 400 Circulator, 
Seward, Bohemia, NY, USA) at 230 rpm for 30 s. The resulting juice was immediately 
analyzed for pH using a pH meter (Orion 2-Star Benchtop pH meter, Thermo Scientific, 
Waltham, MA, USA), TA by endpoint titration (pH 8.2) using a pH meter [22,23], and 
Brix using a digital refractometer (PAL-1 Digital Pocket Refractometer, Atago, Bellevue, 
WA, USA). 
Results 
Fruit Chemistry and Climatic Data 
Vineyard locations in Iowa and South Dakota did not have a significant effect on 
mean pH, TA, and Brix of Frontenac, Marquette, and St. Croix cultivars, based on a 
pooled t-test. An analysis of variance indicated that differences in mean pH, TA, and Brix 
were not significant between the three cold-hardy cultivars (Table S1). Soluble solids 
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increased significantly, by 73.1% from veraison (13.0 Brix) to harvest (22.53 Brix), 
(t(10) = 5.9, p < 0.0001). Mean values for pH also increased significantly by 17.9% from 
veraison (2.80) to harvest (3.3) (conditions t(10) = 6.12, p < 0.0001). Conversely, mean 
values for TA decreased significantly by 61.9% from veraison (20.22 g/L) to harvest 
(7.68 g/L) (conditions t(10) = −6.6, p < 0.0001). Summary statistics of pH, TA, and Brix 
measured at veraison and harvest are given in Figure 1. Annual and monthly 
precipitation and air temperatures (mean, maximum and minimum) recorded in 2012 for 
Ames, IA and Brookings, SD are given in Table 1. 
 
Figure 1. Summary statistics of significant mean values from analysis of pH (A); titratable acidity in g/L (B) 
and soluble solids as Brix (C) at veraison and harvest. Bars indicate the standard deviation.
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Table 1. 2012 precipitation and air temperature data for Ames, IA and Brookings, SD. 
Month 
Precipitation, Inches (mm) Temperature, ° F (°C) 
Monthly Total Monthly Average Mean Maximum Monthly Mean Minimum Monthly Mean 
IA SD IA SD IA SD IA SD 
January 0.29 (7.4) 0.50 (12.7) 29 (−1.7) 20 (−6.7) 40 (4.4) 32 (0.0) 18 (−7.8) 9 (−12.8) 
February 1.74 (44.2) 0.75 (19.0) 30 (−1.1) 23 (−5.0) 39 (3.9) 34 (1.1) 21 (−6.1) 12 (−11.1) 
March 2.35 (59.7) 0.54 (13.7) 53 (11.7) 44 (6.7) 65 (18.3) 56 (13.3) 41 (5.0) 32 (0.0) 
April 4.79 (122) 2.77 (70.4) 55 (12.8) 49 (9.4) 66 (18.9) 60 (15.6) 43 (6.1) 37 (2.8) 
May 2.46 (62.5) 6.94 (176) 67 (19.4) 60 (15.6) 79 (26.1) 71 (21.7) 55 (12.8) 49 (9.4) 
June 2.94 (74.7) 1.59 (40.4) 73 (22.8) 69 (20.6) 84 (28.9) 80 (26.7) 62 (16.7) 58 (14.4) 
July 1.47 (37.3) 1.40 (35.6) 80 (26.7) 77 (25.0) 92 (33.3) 88 (31.1) 68 (20.0) 66 (18.9) 
August 2.93 (74.4) 2.48 (63.0) 72 (22.2) 68 (20.0) 84 (28.9) 80 (26.7) 60 (15.6) 55 (12.8) 
September 1.85 (47.0) 0.73 (18.5) 65 (18.3) 59 (15.0) 79 (26.1) 76 (24.4) 50 (10.0) 42 (5.6) 
October 2.34 (59.4) 2.55 (64.8) 51 (10.6) 43 (6.1) 62 (16.7) 55 (12.8) 39 (3.9) 31 (−0.6) 
November 0.90 (22.9) 0.45 (11.4) 41 (5.0) 33 (0.6) 52 (11.1) 43 (6.1) 31 (0.6) 22 (−5.6) 
December 1.02 (25.9) 1.39 (35.3) 28 (−2.2) 18 (−7.8) 36 (2.2) 28 (−2.2) 20 (−6.7) 9 (−12.8) 
 Annual total Annual average mean Annual maximum mean Annual minimum mean 
25.1 (637) 22.1 (561) 53.6 (12.0) 46.9 (8.3) 64.9 (18.3) 58.7 (14.8) 42.3 (5.7) 32.2 (0.1) 
Adapted from data compiled from Iowa Environmental Mesonet (IEM) [24]. Monthly average, maximum monthly, and minimum monthly means are 
the means the daily average, maximum, and minimum values for a given month. 
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Tannins 
The means of total tannin concentration (skins + seeds) were not significantly 
different between locations (0.49 (±0.36) and 0.43 (±0.17) mg/berry CE for Iowa and 
South Dakota, respectively). The means of total tannin concentration were not 
significantly different between cultivars (0.26 (±0.13), 0.54 (±0.36), and 0.19 (±0.17) 
mg/berry CE for Frontenac, Marquette, and St. Croix, respectively). The means of total 
tannin concentration significantly decreased by 50.8% from veraison (0.62 mg/berry) to 
harvest (0.30 mg/berry), conditions t(10) = −2.4, p = 0.0403 as shown in Figure 2. 
 
Figure 2. Summary statistics of mean values from the analysis of total tannin concentration (i.e., sum of 
tannin concentration extracted from skins and seeds) at veraison and harvest. Bars indicate the standard 
deviation. 
Seed tannins 
The extracted seed tannin average concentration ranged from 0.19 to 0.53 
mg/berry. The effect of location on extracted seed tannin concentrations was not 
significant (0.35 (±0.36) and 0.31 (±0.17) mg/berry CE for Iowa and South Dakota, 
respectively). Similarly, the differences in mean seed tannins were not significant 
between varieties (0.26 (±0.12), 0.54 (±0.33), and 0.19 (±0.17) mg/berry CE for 
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Frontenac, Marquette, and St. Croix, respectively). There was a significant difference in 
the extracted seed tannin concentrations between veraison and harvest as shown for skin 
tannins in Figure 3. The mean concentration of extracted seed tannin decreased by 59.6% 
from veraison to harvest and was 0.47 and 0.19 mg/berry at veraison and harvest, 
respectively (conditions t(10) = −2.2, p = 0.025). 
Skin tannins 
There were no significant differences in extracted skin tannins by location (0.14 
(±0.11) and 0.12 (±0.08) mg/berry CE for Iowa and South Dakota, respectively) or 
between veraison and harvest (0.15 (±0.11) and 0.11 (±0.09) mg/berry CE, respectively). 
In contrast, the extracted skin tannin concentration was different between the cultivars as 
determined by analysis of variance (F2,9 = 40.455, p < 0.0001), as shown in Figure 3. A 
post hoc Tukey HSD test indicated that extracted seed tannin concentrations of all 3 
cultivars were significantly different from each other (p < 0.0001 between St. Croix and 
Frontenac, p < 0.01 between St. Croix and Marquette, and p < 0.01 between Marquette 
and Frontenac). 
Anthocyanins 
Monomeric pigments in berry skins 
Monomeric pigments, extracted from skins of three 20-berry samples, were 
measured as a function of absorbance units (AU) at 530 nm. There was no significant 
effect of location or time on the monomeric pigments (MP). Differences between 
cultivars were significant as indicated by analysis of variance (F2,9 = 4.95, p < 0.05). A 
post hoc Tukey test showed that MP extracted from berry skins differed significantly 
between Marquette and St. Croix (q = 2.79, α = 0.05, p = 0.0423). The MP in Frontenac 
was not significantly different from the other two cultivars. 
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Figure 3. Summary statistics of mean values from the analysis of tannins extracted from skins and seeds, 
comparing Frontenac, Marquette, and St. Croix, and comparing veraison and harvest. Bars indicate the 
standard deviation. 
Polymeric pigments in berry skins 
Polymeric pigments are made up of tannins bound to anthocyanins. These are 
distinguished from the monomeric pigments because they remain unbleached with 
bisulfite in the assay. The remaining polymeric pigments can be further distinguished in 
SPP (i.e., pigments that are precipitated by protein) and LPP (i.e., pigments that are not 
precipitated by protein). Polymeric pigments extracted from berry skins were also 
measured at 520 nm. The effects of location or cultivar on of SPP and LPP extracted 
from berry skins were not significant. In contrast, the SPP extracted from skins decreased 
significantly from veraison and harvest, conditions (t(10) = −4.31, p = 0.0015). 
The percentages of MP, SPP, and LPP in Frontenac, Marquette, and St. Croix 
berries at veraison and harvest are shown in Figure 4. In all cases, monomeric pigments 
were high, accounting for over 60% of the total pigments at pH 4.9. Percent total color 
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contributed by SPP ranged from 14.38 to 21.74%. Color contributed by LPP ranged from 
11.31% to 18.75%. 
 
Figure 4. Comparison of the color contributed by monomeric pigments (MP) or free anthocyanins, short 
polymeric pigments (SPP), and long polymeric pigments (LPP) at pH 4.9 in Frontenac, Marquette, and St. 
Croix fruit at veraison and harvest, collected in Iowa (IA) and South Dakota (SD). Total color (100%) 
measured by spectrophotometer is the sum of MP, SPP, and LPP. Three panels are shown to signify (from 
left to right) the contribution of MP, SPP, and LPP to the total color extracted from berry skins by vineyard 
site (IA and SD), by cultivar (Frontenac, Marquette, and St. Croix), and by time point (veraison and harvest). 
Discussion 
The fruit chemistry of Frontenac, Marquette and St. Croix berries is characteristic 
of the hybrids: acceptable levels of pH and Brix and high levels of TA. Wines from these 
varieties would benefit from a secondary malolactic fermentation [9]. Brix, pH and TA 
were not significantly different between IA and SD vineyards and were not significantly 
different between the three cultivars. As expected, Brix and pH significantly increased 
from veraison to harvest. Conversely, TA significantly decreased from veraison to 
harvest. 
An intra-assay variability of 24.5% was observed in this study. Poor precision of 
the method is also documented in an intra-laboratory and inter-winery validity study, 
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resulting in a standard deviation range from 34%–54% for 3 vinifera wines for 
quantification of condensed tannins [25]. The results reflect a 60-berry sample, pooled 
and divided into three 20-berry samples. The high variability could be due to the cultivar, 
uneven ripening within the vineyard block, or sampling error. Care was taken to avoid 
biased sampling by not examining berries prior to sampling, sampling from different 
cluster positions and random sampling within the clusters. 
From climatic data, Iowa was generally warmer and received more precipitation 
than Brookings, SD in 2012. Increased tannin and anthocyanin values were expected in 
Iowa compared to South Dakota. In both Iowa and South Dakota, one-third of the total 
tannin (skin + seed) concentrations were extracted from the berry skins. Total tannin 
concentrations ranged from 0.29 to 0.66 mg/berry CE and were highest in Marquette and 
lowest in Frontenac. Seed tannin concentrations ranged from 0.19 to 0.54 mg/berry CE 
and were highest in Marquette and lowest in St. Croix. Skin tannins ranged from 0.03 to 
0.24 mg/berry CE and were highest in St. Croix and lowest in Frontenac. These numbers 
are low when compared to V. vinifera and are consistent with previous reports of tannin 
levels in cold-hardy interspecific grapes such as Noiret and Corot noir [26]. Harbertson et 
al. reports tannin concentration in V. vinifera cultivars such as Cabernet Sauvignon, Pinot 
noir, and Syrah ranging from 0.99 to 1.44 mg/berry CE [27]. Viticultural practices have 
been shown to influence the development of tannin concentrations including climate, 
crop and canopy management, and vine training systems. Plots used in this study are 
from a coordinated evaluation of vineyards and had a common training system and 
viticultural practices. 
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Adding to the issue of low tannin levels available for extraction, Springer and 
Sacks also demonstrate the high tannin binding capacity of these hybrid grapes, 
accounting for the lack of body attributed to low tannin concentration in finished wine 
[26]. There is also a poor correlation between tannins in grapes and tannins in wines 
made from the same grapes [27]. Additional research is warranted to investigate the 
difference in tannin concentration and extractability between Vitis hybrids and V. vinifera 
grapes. More research is warranted to examine the effects of various vineyard sites of 
these varieties over more than one growing season for direct comparisons. Winemakers, 
with the knowledge that tannin levels are low to begin with, can remedy their process by 
adding enological tannins, using increased fermentation temperatures [12], or removing 
or degrading the tannin binding compounds [26]. 
Monomeric pigments accounted for over 60% of the total color extracted from 
grape skins at pH 4.9. Anthocyanins are normally found in the grape skins, but these 
hybrids have colored flesh when ripe. Color was observed in the pulp at harvest, so it is 
likely that monomeric pigments contribute to more than 60% of the total color at pH 4.9. 
MP was higher in Iowa than South Dakota, higher in St. Croix than Marquette, and 
higher at harvest than veraison. 
While HPLC procedures for examining changes in flavan-3-ols and anthocyanins 
would yield more quantitative results, the ultimate goal is correlating all of this 
information with perceived astringency (a sensory attribute) in the wine products. 
Although wines were not made from these grapes for this research, information regarding 
the anthocyanin content present for extraction is important. The A-H assay has been 
shown to have the highest correlation with perceived wine astringency (r2 = 0.82) when 
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comparing HPLC, A-H assay, and MCP [28]. It is more practical, from an industry 
standpoint, to use this cost-effective, time efficient, and less complicated method. MCP 
also showed acceptable correlation with perceived wine astringency, but the A-H assay 
was chosen to directly compare the results to published data using the same analytical 
technique. Results from this research indicate, as found in a previous study, that some 
pigmented tannins had already formed within the grape during ripening [29]. 
The range of tannin concentrations reported in Frontenac, Marquette, and St. 
Croix cold-hardy grape cultivars are much lower than concentrations previously reported 
in V. vinifera cultivars but are in agreement with previous report on interspecific hybrid 
grapes. This report confirms low tannin concentrations in Frontenac, Marquette, and St. 
Croix berries, with total tannins ranging from 0.29 to 0.66 mg/berry CE. Bitter seed 
tannins were most abundant in Marquette berries (0.54 ± 0.66 mg/berry CE). Softer skin 
tannins were most abundant in St. Croix berries (0.24 ± 0.19 mg/berry CE). Monomeric 
anthocyanins were highest in St. Croix skins (74.21% of the total color at pH 4.9). 
Varying amounts of SPP and LPP were present in grape skins, indicating that some 
pigmented tannins had already formed by harvest. 
Preliminary results indicate that harvesting these three cold hardy cultivars based 
on high pigmentation will not guarantee full body tannins or color stability in the wines. 
This is the first evaluation of pigments and tannins in Frontenac, Marquette, and St. 
Croix. The small sample number (3 cultivars, at 2 sites, at 2 time points for 1 growing 
season) makes it challenging to draw significant conclusions for cold climate American 
hybrids. At this point, correlations between fruit chemistry, climatic data and phenolic 
content cannot be inferred. Instead, this information should be used as starting point to 
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address the issue of the availability of pigments and tannins in the grapes for extraction 
into the final wine product. Additional research, including more sites and more growing 
seasons, would be beneficial to draw significant conclusions. Since research wines were 
not produced and analyzed by the same methods, direct comparisons of pigments and 
tannins in berries cannot be made to wines. This would be the next logical step to find 
any mechanisms that affect extraction and retention of pigments and tannins in these 
cold-hardy wines. 
Winemakers, with this knowledge, can adjust their vinification practices to 
maximize extraction of these available tannins and pigments. Additional winemaking 
techniques should be investigated to enhance body and mouthfeel, including tannin 
additions, tannin fining, co-fermentation with higher tannin varieties, or post-
fermentation blending. 
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Supplementary Materials 
Table S1. Chemical composition of Frontenac, Marquette, and St. Croix varieties at veraison and harvest, 
grown in Ames, Iowa (IA) and Brookings, South Dakota (SD) in 2012. 
Location Cultivar Time point °Brix pH TA (g/L) 
Iowa Frontenac Harvest 23.3 3.3 10.5 
Iowa Frontenac Veraison 16.6 2.9 20.2 
Iowa Marquette Harvest 23.5 3.2 9.5 
Iowa Marquette Veraison 12.3 2.7 27.2 
Iowa St Croix Harvest 18.4 3.4 5.8 
Iowa St Croix Veraison 11.5 2.8 21.5 
SD  Frontenac Harvest 24.7 3.1 9.7 
SD  Frontenac Veraison 14.5 2.9 17.9 
SD  Marquette Harvest 26.4 3.2 6.2 
SD  Marquette Veraison 12.7 2.7 18.5 
SD  St Croix Harvest 18.9 3.6 4.4 
SD  St Croix Veraison 10.5 2.8 16.0 
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CHAPTER 3. EVALUATION OF VOLATILE METABOLITES EMITTED IN-
VIVO FROM COLD-HARDY GRAPES DURING RIPENING USING SPME AND 
GC-MS: A PROOF-OF-CONCEPT 
Modified from a manuscript published in Molecules 
Somchai Rice1,2,3, Devin L. Maurer3, Anne Fennell4, Murlidhar Dharmadhikari1, 
and Jacek A. Koziel2,3, * 
Abstract 
In this research, we propose a novel concept for a non-destructive evaluation of 
volatiles emitted from ripening grapes using solid-phase microextraction (SPME). This 
concept is novel to both the traditional vinifera grapes and the cold-hardy cultivars. Our 
sample models are cold-hardy varieties in the upper Midwest for which many of the basic 
multiyear grape flavor and wine style data is needed. Non-destructive sampling included 
a use of polyvinyl fluoride (PVF) chambers temporarily enclosing and concentrating 
volatiles emitted by a whole cluster of grapes on a vine and a modified 2-mL glass vial 
for a vacuum-assisted sampling of volatiles from a single grape berry. We used SPME for 
either sampling in the field or headspace of crushed grapes in the lab and was followed 
with analyses on gas chromatography-mass spectrometry (GC-MS). We have shown that 
it is feasible to detect volatile organic compounds (VOCs) emitted in vivo from single 
grape berries (39 compounds) and whole clusters (44 compounds). Over 110 VOCs were 
released to headspace from crushed berries. Spatial (vineyard location) and temporal 
variations in VOC profiles were observed for all four cultivars. However, these changes 
were not consistent by growing season, by location, within cultivars, or by ripening stage
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when analyzed by multivariate analyses such as principal component analysis (PCA) and 
hierarchical cluster analyses (HCA). Research into aroma compounds present in cold-
hardy cultivars is essential to the continued growth of the wine industry in cold climates 
and diversification of agriculture in the upper Midwestern area of the U.S.  
Keywords 
biogenic emissions, veraison, viticulture, nondestructive analysis, wine aroma, 
diffusion, grape skin, vacuum-assisted extraction, solid-phase microextraction, VOCs 
Introduction 
Understanding the development of flavor and aroma compounds in wine grapes is 
crucial to winemaking. Grape berry development is characterized by two sigmoidal 
growth periods. The first growth period is berry formation from fruit set to lag phase. 
This is followed by berry-ripening from veraison to harvest [1]. Veraison is characterized 
by a change in color of the berries. During the berry-ripening phase, sugar accumulates as 
measured in Brix. The rapid accumulation of sugar in the berry ripening from veraison 
onto harvest is well understood [2]. This is contrasted by the relative lack of research on 
aroma compound accumulation during ripening, especially for cold-hardy grapes. Further 
understanding of the accumulation of aroma compounds during the ripening phase can 
inform how viticultural practices can be used to influence wine style. 
Interest in research of aroma compounds in wine grapes is high. The prevailing 
share of published research in wine grapes has been in V. vinifera (‘Old World’, well-
established varieties). This is expected since vinifera was cultivated as early as the 
seventh and fourth millennia BC [3]. For example, it well-known that aroma compounds 
such as pyrazines contribute to the characteristic aroma in Cabernet Sauvignon and 
Sauvignon Blanc [4,5]. These aromas can be described as ‘grassy,’ ‘herbaceous’, and 
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‘green bell pepper’ [6]. The decline in pyrazines in developing wine grapes has been 
linked to the levels of sunlight reaching the cluster and can be reduced through canopy 
management if this aroma is undesirable [7]. Terroir has been shown to affect wine 
aroma in Riesling grown in the Niagara Peninsula [8] and Cabernet Sauvignon in China 
[4]. Aroma compounds have been characterized in Japanese Shine muscat (V. labruscana 
Bailey and V. vinifera L.). Levels of linalool, hexanal, (E)-2-hexenal, hexanol, and (Z)-3-
hexene-1-ol, nerol in berry skins and pulp were influenced by storage temperatures post-
harvest [9]. Viticultural practices such as the timing of early defoliation have been 
investigated to determine the effect on Tempranillo wine aroma [10], and enological 
practices such as effects of pre-fermentation cold soaking on Cabernet Sauvignon grape 
and wine volatiles [11]. The bulk of the research into the aroma of grapes and wine has 
been done for vinifera because vinifera has existed longer than hybrid grapes. With the 
recent introduction of cold-hardy (hybrid) grapes, production of quality wines is possible 
in cold-climate regions where vinifera cannot thrive. 
Since the release of high-quality, cold-hardy, and disease-resistant cultivars from 
the University of Minnesota, the winemaking industry has grown in cold climates such as 
the upper Midwest region of the U.S. St. Croix, Frontenac, Marquette, and La Crescent 
cultivars were developed in 1983, 1996, 2006, and 2002, respectively [12]. Current 
searches in the journal database Web of Science using keywords and variations of 
‘Marquette,’ ‘Frontenac,’ ‘St. Croix’, ‘La Crescent’, volatile, aroma, cold-hardy, and 
maturity yield < 50 articles. Canopy management effects on fruit and wine aroma have 
been investigated in Traminette, an interspecific hybrid of Gewürztraminer in the Eastern 
U.S. [13]. Volatile compounds from Zuoshanyi, a native red grape variety in northeast 
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China, were characterized with 135 VOCs identified and quantified [14]. Effects of pre-
fermentation treatments on wine aroma profile were explored in the cold-hardy cultivar 
Solaris in Denmark [15]. 
There is a gap in knowledge, especially in aroma research, with these 
interspecific, cold-hardy hybrid grapes. Previous work showed a constant decrease in the 
ratio of alpha-linolenic acid degradation products, cis-3-hexenol to trans-2-hexenal 
during ripening of Frontenac and Marquette berries grown in Quebec, through the 
destructive blending of the berries [16]. Frontenac and Marquette aromas reported at 
harvest were mainly hexanal, trans-2-hexenal, 1-hexanol, cis-3-hexenol, hexanoic acid, 
acetic acid, beta-damascenone, and 1-phenylethanol. Marquette had significantly higher 
levels of linalool, geraniol, and alpha-citral [17]. Continuing work in Canada has been 
done in profiling aroma compounds in Frontenac, Marquette, Maréchal Foch, Sabrevois, 
and St. Croix skin, juice and wine. Terpenes were primarily located in the skin, and the 
highest concentration was in Marquette. Nonanal, (E,Z)-2,6 nonadienal, beta-
damascenone, ethyl octanoate, and isoamyl acetate were compounds with the highest 
odor activity values (OAV) in wines [17]. The OAV for a compound is the ratio between 
the concentration and the odor detection threshold (ODT) and it could be a useful metric 
for aroma-imparting compounds. The ODT is the minimal concentration that can be 
detected by human nose in 50% of the population [18–20]. Earlier research has also 
shown that the majority of aroma compounds present in grape berries are bound to a 
sugar moiety within the berry [21]. 
Various methods of sample preparation have been used to characterize aromas 
from grapes and wine. Thermal desorption was used to determine volatiles from Solaris 
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wine [15]. Solid phase extraction (SPE) has been used to isolate aroma precursors in 
Merlot, Gewürztraminer, and Tempranillo grapes and wine [22]. Solid-phase 
microextraction (SPME) has emerged as one of the preferred methods of sample and 
sample prep for analysis of volatiles in the grapes and wine. SPME offers the advantages 
of portability, simplicity, and re-usability in field and laboratory settings. Applications 
using SPME in the food and beverage industry can be found elsewhere [23]. Gas 
chromatography (GC) has been extensively used to separate aroma compounds from the 
complex mix of aromas. GC is often coupled with mass spectrometry (MS) to identify 
and quantify the separated aroma compounds. These analytical methods have been used, 
sometimes in combination with other analytical methods, in analysis of volatiles from 
grapefruit (Citrus paradise L.) [24], berry cactus (Myrtillocactus geometrizans) [25], 
Shine Muscat [9], Cabernet Sauvignon [4,26], Zuoshanyi grapes [14], Muscat cultivars 
[27], Nero d’Avola and Fiano grapes [28], Monastrell wines [29], and selected cold-
hardy grape cultivars and wine [16,17] and cold-hardy wines [17,30–34]. 
A review of SPME use for in-vivo and in-vitro in whole plant and plant organ 
analysis is found elsewhere [35]. It is clear that there is little research in cold-hardy wine 
grape cultivars when compared to V. vinifera. There is a need for a better understanding 
of these new cultivars in order to produce quality cold-climate wines that can compete in 
the world market. To date, this research is the first report of aroma compounds (1) 
emitted in-vivo from veraison to harvest using two novel sampling methods and collected 
by SPME and analyzed by GC-MS from Frontenac, Marquette, St. Croix, and La 
Crescent grape cultivars. 
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In this research, we propose a novel concept for a non-destructive evaluation of 
volatiles emitted from ripening grapes using SPME. This concept is novel to both the 
traditional vinifera grapes and the cold-hardy cultivars. Our models are cold-hardy 
varieties in the upper Midwest for which many of the basic multiyear grape flavor and 
wine style data is needed. Research into aroma compounds present in cold-hardy 
cultivars is essential to the continued growth of the wine industry in cold climates and 
diversification of agriculture in the upper Midwestern area of the U.S. The need for data 
is confounded by the small resources available to conduct long-term research. 
If proven feasible, the concept of non-destructive analysis of ripening grapes 
presents a tantalizing possibility to investigate the effects of different viticulture practices 
throughout the stages of berry ripening on berry aroma. This, in turn, could be used to 
develop better quality wines. If volatile compounds emitted in-vivo could be identified as 
developmental biomarkers, portable target VOC detectors could then be developed. 
These detectors can give vineyards a real-time gauge to guide them in harvesting for 
flavor. 
The main objective was to develop the proof-of-concept for a non-destructive (in-
vivo) sampling of volatile compounds from growing and ripening grapes. Specific 
objectives (1–4) were to (1) develop sampling devices to capture volatiles emitted from a 
whole cluster and single berry; (2) characterize the volatile compounds emitted in-vivo 
from four cold-hardy grape cultivars using: (2i) whole cluster analysis, (2ii) single berry 
analysis; (3) compare volatile compounds emitted in-vivo (objective 1) with crushed 
berry (i.e., destructive analysis including skin, seeds, and pulp); (4) search for 
preliminary links between volatile compounds detected (objectives 1 and 2) and selected: 
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(4i) microclimates (Iowa and South Dakota), (4ii) the individual cultivars (i.e., Frontenac, 
Marquette, St. Croix, and La Crescent), and (4iii) time stages of berry ripening. 
The working hypotheses were: (1) aroma compound development from veraison-
to-harvest can be detected in-vivo by sampling volatile emissions from ripening grapes 
(from both a single berry and whole grape cluster) and (2) that the flavor accumulation 
(i.e., increasing concentration of VOCs) can be correlated with berry ripening in all four 
cultivars. Testing these hypotheses can potentially translate into improving viticulture 
practices that lead to timing the harvesting for flavor. This research aims at addressing 
the gap in knowledge for cold-hardy grape cultivars by cataloging VOCs from Frontenac, 
Marquette, St. Croix and La Crescent emitted in-vivo and whole crushed berries 
throughout berry ripening. 
Results 
Sampling Devices to Capture Volatiles Emitted from a Whole Cluster and Single 
Berry 
In this research, non-destructive and destructive sampling methods for detection 
of VOCs emitted from cold-hardy grapes were explored. Non-destructive sampling 
included (1) a use of polyvinyl fluoride (PVF) chamber temporarily enclosing and 
concentrating volatiles emitted by whole cluster of grapes on a vine (Figure 1) and 
(Figure 2) a modified 2 mL glass vial for vacuum-assisted sampling of volatiles from a 
single berry (Figure 2).  
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Figure 1. Non-destructive sampling of biogenic volatiles emitted by the whole cluster of grapes on a vine. 
Schematic of polyvinyl fluoride (PVF) film chambers used for short-term enclosing of growing clusters of 
cold-hardy grapes during in-vivo sampling of volatile emissions using solid-phase microextraction (SPME). 
An aluminum wire cage was constructed to hold the PVF chamber spread around and to be secured to the 
grape vine’s training system. The PVF chamber was modified with a custom polytetrafluoroethylene (PTFE) 
port fitted with 11 mm PTFE lined silicone septa (SPME sampling port). 
 
Figure 2. Non-destructive sampling of biogenic volatiles emitted by a modified 2 mL glass vial for a vacuum-
assisted sampling of volatiles from a single grape berry. Schematic of a modified screw top 2 mL glass vial 
with PTFE lined septa used for characterizing in-vivo metabolite emissions from selected cold-hardy grapes. 
Negative pressure was created with a syringe to hold the sampling device with SPME sealed onto the grape 
berry surface. 
A total of 124 VOCs was identified across all sampling methods, 79 of these 
VOCs were verified with analytical standards matching retention times and mass spectral 
data (i.e., using the identification of compounds with Automated Mass Spectral 
Deconvolution and Identification System (AMDIS) target library search with at least 
80% mass spectral match. Target libraries included (a) the 6 libraries that are included 
with the AMDIS program, (b) an onsite (our laboratory) library created from analysis of 
pure standards (200+ compounds), (c) NIST11 mass spectral library described in 
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Materials and Methods section on data analysis). A full summary of VOCs identified in 
Frontenac, Marquette, St. Croix, and La Crescent berries from South Dakota and Iowa by 
each sampling method is provided in data paper [36] with known aroma descriptors for 
pure compounds [37,38]. All PCA biplots are given in Appendix A (Figure A1 and 
Figure A2). It should be noted that significant changes in volatiles emitted were only 
observed in Frontenac grapes grown in South Dakota in 2013 as indicated by the variance 
accounted for in component 1 and 2 in PCA (i.e., greater than 70%). However, due to the 
exploratory nature of this research, all PCA data is presented is subsequent sections. 
Volatiles Emitted In-Vivo from Four Cold-Hardy Grape Cultivars 
PVF chambers were used in 2012 on Frontenac and Marquette in Iowa and South 
Dakota. Modified glass vials were used in 2013 on Frontenac, Marquette, St. Croix, and 
La Crescent in South Dakota. Only St. Croix and La Crescent were sampled by modified 
glass vials in Iowa, limited by funding.  
Emissions from Whole Grape Cluster 
Forty-four of the total 124 grape VOCs emitted in-vivo were detected by whole 
grape cluster sampling chambers in Frontenac and Marquette cultivars grown in Iowa and 
South Dakota, monitored from veraison to harvest. Table 1 presents the VOCs that are 
characteristic of biogenic emissions from Frontenac and Marquette clusters during the 
2012 growing season from Iowa and South Dakota. These volatiles were detected in-vivo 
from whole grape clusters and determined through interpretation of principal component 
analysis (PCA) and hierarchical clustering analysis (HCA). A detailed summary of all 
124 VOC can be found elsewhere [36]. However, only key representative volatiles from 
the hierarchical cluster analysis (HCA) are labeled with numbers on PCA biplot figures 
presented in Results. 
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Table 1. Whole cluster analysis. Volatiles emitted from Frontenac and Marquette clusters, grown in Iowa 
(IA) and South Dakota (SD). These VOCs were indicated to be the most representative variable from 
hierarchical clustering analysis (HCA) after the PCA (JMP Pro 12.0.1, SAS Institute Inc., Cary, NC, USA). 
Sample Cluster No. of Members2 Most Representative Variable
3 
Cluster Proportion 
of Variation 
Explained4 
Total Proportion of 
Variation 
Explained5 
IA 1 5 heptanal 0.937 0.173 
Frontenac 3 5 4-methyl-3-penten-2-one 0.745 0.138 
(0.709)1 5 6 nonanal 0.512 0.114 
 2 3 3-methyl-1-butanol 0.845 0.094 
 4 4 1,4-butanolide 0.576 0.085 
 6 2 5-(hydroxymethyl)-2-furancarboxaldehyde 0.858 0.064 
 7 2 benzophenone 0.548 0.041 
SD 1 7 toluene 0.712 0.208 
Frontenac 2 5 nonanal 0.820 0.171 
(0.686)1 5 3 3-phenyl-2-propenal 0.810 0.101 
 3 4 4-methyl-3-penten-2-one 0.592 0.099 
 4 3 acetic acid 0.502 0.063 
 6 2 benzyl alcohol 0.536 0.045 
IA 1 10 1-octanol 0.805 0.310 
Marquette 2 5 acetaldehyde 0.814 0.156 
(0.739)1 3 3 methyl ethyl ketone 0.616 0.071 
 4 3 1-hexadecanol 0.505 0.063 
 5 3 acetophenone 0.536 0.062 
 6 1 acetic acid 1.000 0.038 
 7 1 2-ethyl-1-hexanol 1.000 0.038 
SD 1 7 acetone 0.817 0.249 
Marquette 2 4 4-methyl-3-penten-2-one 0.799 0.139 
(0.783)1 6 4 decane 0.797 0.139 
 3 2 1-pentanol 1.000 0.087 
 4 3 2-ethyl-1-hexanol 0.532 0.069 
 7 2 1-hexadecanol 0.654 0.057 
 5 1 indene 1.000 0.043 
1 The total proportion of variation explained by all the cluster components. 2 The number of variables in the cluster. 3 The cluster 
variable that has the largest squared correlation with its cluster component. 4 The cluster's proportion of variance explained by the 
first principle component amount the variables in the cluster, based only on variables within the cluster. 5 The overall proportion of 
variance explained by the cluster component, using only the variables within each cluster to calculate the first principle component. 
Frontenac 
3-Methyl-1-butanol and heptanal were emitted and detected in 2012 Iowa 
Frontenac grapes at veraison. At harvest, 1,4-butanolide was detected (Figure A1). 
Nonanal, benzyl alcohol, and toluene were emitted and detected in 2012 South Dakota 
Frontenac grapes (Figure 3) at veraison. Only one compound, i.e., acetic acid, was 
associated with harvest time. Other compounds were detected (e.g., 2-methyl-3-penten-2-
one and 3-phenyl-2-propenal) but were not indicated to be the most representative 
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compounds from HCA. Results are also presented in this manner throughout the 
manuscript. 
 
Figure 3. Evolution of VOCs emitted from whole clusters of 2012 Frontenac grapes grown in South Dakota 
from veraison to harvest. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = 2-Methyl-3-penten-2-one, 2 = Nonanal, 3 = Benzyl alcohol, 4 = Toluene, 5 = Acetic 
acid, 6 = 3-Phenyl-2-propenal. 
Marquette 
2012 Iowa Marquette did not have a ‘representative’ VOC at veraison, as 
indicated by HCA, and replicate samples had high variability (i.e., unevenly distributed 
between 2 quadrants of the PCA biplot). By harvest, 1-hexadecanol and methyl ethyl 
ketone had developed. Similarly, 2012 South Dakota Marquette VOCs emitted at 
veraison (Figure 4) did not have ‘representative’ VOC at veraison. At harvest, indene 
was the representative VOC emitted. 
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Figure 4. Evolution of VOCs emitted from whole clusters of 2012 Marquette grapes grown in South Dakota 
from veraison to harvest. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = 1-Hexadecanol, 2 = 2-Ethyl-1-hexanol, 3 = 1-Pentanol, 4 = Acetone, 5 = Indene, 6 
= Decane, 7 = 4-Methyl-3-penten-2-one 
Emissions from Single Berries 
Thirty-nine VOCs emitted in-vivo were also detected by modified glass vial 
(vacuum assisted) method in Frontenac, Marquette, St. Croix, and La Crescent cultivars 
grown in Iowa and South Dakota. Table 2 presents the VOCs that are characteristic of 
these 4 cold-hardy cultivars during the 2013 growing season in Iowa and South Dakota, 
detected in-vivo from single berries, and determined through multivariate statistical 
analysis previously discussed. 
Frontenac 
In-vivo detection of VOCs by modified glass vial did not identify a key 
representative compound in 2013 South Dakota Frontenac grapes at veraison (Figure 5). 
At harvest, palmitic acid was emitted and detected in these berries. 
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Table 2. ‘Characteristic’ VOCs emitted from single berries of Frontenac, Marquette, St. Croix, and La 
Crescent grapes grown in Iowa and South Dakota. These VOCs were indicated to be the most representative 
variable from hierarchical clustering analysis after the PCA (JMP Pro 12.0.1, SAS Institute Inc., Cary, NC, 
USA). 
Sample Cluster 
No. of 
Members 
2 
Most Representative Variable 3 
Cluster Proportion 
of Variation 
Explained 4 
Total Proportion of 
Variation Explained 
5 
SD 1 2 palmitic acid 0.830 0.415 
Frontenac 2 2 acetic acid 0.669 0.334 
(0.750)1      
SD 1 7 1,4-butanolide 0.878 0.473 
Marquette 2 4 ethyl octanoate 0.883 0.272 
(0.870)1 3 2 2-ethyl-1-hexanol 0.819 0.126 
IA 1 4 3-methyl indole 1.000 0.500 
St. Croix 2 3 acetic acid 0.722 0.271 
(0.896)1 3 1 benzyl alcohol 1.000 0.125 
SD 1 3 nonanal 0.802 0.241 
St. Croix 3 3 diacetone alcohol 0.713 0.214 
(0.855)1 2 2 1,4-butanolide 1.000 0.200 
 4 1 5-(hydroxymethyl)-2-furancarboxaldehyde 1.000 0.100 
 5 1 ethyl acetate 1.000 0.100 
IA 1 28 2-ethyl-1-hexanol 0.973 0.757 
La 
Crescent 2 4 3-methyl indole 0.772 0.086 
(0.909)1 4 2 ethanol 0.636 0.035 
 3 2 2-phenylethanol 0.556 0.031 
SD 1 3 2-phenylethanol 1.000 0.300 
La 
Crescent 3 3 diacetone alcohol 0.853 0.256 
(0.936)1 4 2 acetic acid 0.976 0.195 
 2 2 6-methyl-5-hepten-2-one 0.926 0.185 
1 The total proportion of variation explained by all the cluster components. 2 The number of variables in the cluster. 3 The cluster 
variable that has the largest squared correlation with its cluster component. 4 The cluster's proportion of variance explained by the 
first principle component amount the variables in the cluster, based only on variables within the cluster. 5 The overall proportion of 
variance explained by the cluster component, using only the variables within each cluster to calculate the first principle component. 
 
Figure 5. Evolution of VOCs emitted from single berry from veraison to harvest of 2013 Frontenac grapes 
grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = Palmitic acid, 2 = Acetic acid. 
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Marquette 
VOCs detected by modified glass vial emitted from 2013 Marquette grown in 
South Dakota generally did not vary during berry development. The variability decreased 
between the replicate samples, indicated by less spread between the data points as the 
berries developed. Aromas from berries grown in South Dakota during the 2013 growing 
season (Figure 6) can be characterized from 3 VOCs. These compounds were 2-ethyl-1-
hexanol, ethyl octanoate and 1,4-butanolide. 
 
Figure 6. Evolution of VOCs emitted from single berry from veraison to harvest of 2013 Marquette grapes 
grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = Ethyl octanoate, 2 = 2-Ethyl-1-hexanol, 3 = 1,4-Butanolide. 
St. Croix 
Statistical analysis of VOCs detected from 2013 St. Croix grown in Iowa at 
veraison and harvest determined 3 important compounds. These compounds were 3-
methyl indole, benzyl alcohol, and acetic acid. Decreased variability between replicate 
samples was observed as the berries ripened, although no strong associations were 
noticed between these compounds and berry development. Compounds emitted and 
detected in 2013 St. Croix from South Dakota (Figure 7) were 1,4-butanolide, 5-
(hydroxymethyl)-2-furancarboxaldehyde, ethyl acetate, and nonanal. Of the 5 key VOCs 
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detected in 2013 South Dakota St. Croix at veraison, nonanal was most associated with 
development at harvest. 
 
Figure 7. Evolution of VOCs emitted from single berry from veraison to harvest of 2013 St. Croix grapes 
grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = Nonanal, 2 = Diacetone alcohol, 3 = 1,4-Butanolide, 4 = 5-(Hydroxymethyl)-1-
furancarboxaldehyde, 5 = Ethyl acetate. 
La Crescent 
VOCs detected by modified glass vial emitted from 2013 La Crescent grown in 
Iowa were highly variable at veraison. A characteristic compound (i.e., 3-methyl-indole) 
was determined to be present at veraison. By harvest, octanal was present but not 
statistically representative. La Crescent berries from 2013 grown in South Dakota 
(Figure 8) were highly variable between replicate samples. Compounds emitted included 
2-phenylethanol, 6-methyl-5-hepten-2-one, and acetic acid. By harvest, 1,4-butanolide 
was present but not statistically representative. 
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Figure 8. Evolution of VOCs emitted from single berry from veraison to harvest of 2013 St. Croix grapes 
grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = 2-Phenylethanol, 3 = Diacetone alcohol, 4 = Acetic acid, 2 = 6-Methyl-5-hepten-2-
one. 
Destructive Sampling 
117 grape VOCs were detected by destructive analysis (i.e., crushed berries) in 
Frontenac, Marquette, St. Croix, and La Crescent cultivars grown in Iowa and South 
Dakota. The sample matrix included skins, pulp, and seeds. Crushed berry analysis was 
used in 2012 on Frontenac and Marquette cultivars grown in South Dakota, and all 4 
cultivars in 2013. A freezer malfunction in resulted in the loss of Iowa 2012 berries 
stored for crushed berry analysis. Table 3 presents the VOCs that are characteristic of 
these 4 cold-hardy cultivars during the 2012 and 2013 growing seasons in Iowa and 
South Dakota, detected in whole, crushed berries and determined through multivariate 
statistical analysis previously discussed. 
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Table 3. ‘Characteristic’ VOCs emitted from crushed berries of Frontenac, Marquette, St. Croix, and La 
Crescent grapes grown in Iowa and South Dakota.  These VOCs were indicated to be the most representative 
variable from hierarchical clustering analysis after the PCA (JMP Pro 12.0.1, SAS Institute Inc, Cary, NC, 
USA). 
Sample Cluster No. of 
Members 
B 
Most Representative Variable C Cluster Proportion of 
Variation Explained D 
Total Proportion 
of Variation 
Explained E 
IA 1 7 3-methyl-1-butanol 0.993 0.257 
Frontenac 2 9 cyclohexanol 0.770 0.257 
(0.803)A 4 4 isoamyl acetate 0.745 0.110 
 3 4 isovaleraldehyde 0.622 0.092 
 5 3 toluene 0.774 0.086 
SD 2 8 styrene 0.636 0.083 
Frontenac 10 7 acetaldehyde 0.546 0.063 
(0.627)A 5 6 2-octanone 0.608 0.060  
1 6 acetone 0.602 0.059  
6 5 1- hexanol 0.645 0.053  
4 5 nonane 0.624 0.051  
8 4 ethyl hexanoate 0.732 0.048  
3 4 ethyl palmitate 0.694 0.045  
7 3 hexanoic acid 0.740 0.036  
9 4 N-benzyl-2-phenethylamine 0.509 0.033  
12 2 2-methyl-1-propanol 0.953 0.031  
11 3 benzoic acid, methyl ester 0.560 0.028  
14 2 isophorone 0.569 0.019  
13 2 octanal 0.524 0.017 
IA 1 9 hexanal 0.925 0.347 
Marquette 3 5 isoamyl acetate 0.878 0.183 
(0.863)A 2 4 styrene 0.776 0.129  
5 2 ethanol 0.933 0.078  
6 2 benzophenone 0.813 0.068  
4 2 allyl alcohol 0.703 0.059 
SD 7 7 acetaldehyde 0.617 0.062 
Marquette 6 6 methyl ethyl ketone 0.639 0.055 
(0.654)A 3 5 decane 0.760 0.054  
19 5 nonanal 0.667 0.048  
1 4 styrene 0.777 0.044  
5 5 amyl acetate 0.621 0.044  
4 4 (E)-2-hexenoic acid 0.704 0.040  
10 4 cyclohexanol 0.692 0.040  
9 5 octanal 0.480 0.034  
2 3 1-pentanol 0.673 0.029  
8 2 nonane 0.966 0.028  
18 3 valeraldehyde 0.630 0.027  
11 3 1-heptanol 0.629 0.027  
14 4 beta-damascenone 0.470 0.027  
12 4 allyl alcohol 0.435 0.025  
13 2 p-cymene 0.835 0.024  
16 2 methyl disulfide 0.635 0.018  
15 1 beta-cyclocitral 1.000 0.014  
17 1 nerol acetate 1.000 0.014 
IA 1 9 formic acid, octyl ester 0.832 0.150 
St. Croix 4 8 ethyl decanoate 0.901 0.144 
(0.772)A 2 7 isobutyraldehyde 0.674 0.094  
3 5 aspirin methyl ester 0.813 0.081  
5 3 benzeneacetaldehyde 0.858 0.052  
10 3 ethanol 0.771 0.046 
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Table 3 continued 
Sample Cluster No. of 
Members 
B 
Most Representative Variable C Cluster Proportion of 
Variation Explained D 
Total Proportion 
of Variation 
Explained E 
       
8 3 methacrolein 0.682 0.041  
12 2 isoamyl acetate 0.841 0.034  
6 2 1-butanol 0.790 0.032  
7 3 ethyl butyrate 0.493 0.030  
9 2 1- hexanol 0.649 0.026  
11 2 beta-damascenone 0.576 0.023  
13 1 valeraldehyde 1.000 0.020 
SD 2 8 acetophenone 0.685 0.081 
St. Croix 3 6 linalool 0.786 0.069 
(0.692)A 6 6 benzaldehyde 0.727 0.064  
7 6 methyl salicylate 0.681 0.060  
5 6 cyclohexanol 0.662 0.058  
4 6 2-heptanone 0.627 0.055  
1 5 2-phenylethanol 0.728 0.054  
10 5 1-pentanol 0.581 0.043  
8 5 benzyl alcohol 0.557 0.041  
11 3 safrol 0.855 0.038  
9 3 benzoic acid, methyl ester 0.797 0.035  
12 3 ethyl acetate 0.622 0.027  
14 2 aspirin methyl ester 0.840 0.025  
13 2 propionaldehyde 0.797 0.023  
15 2 N-benzyl-2-phenethylamine 0.628 0.018 
IA 1 11 beta-cyclocitral 0.682 0.121 
La Crescent 2 8 beta-pinene 0.836 0.108 
(0.699)A 3 9 ethyl butyrate 0.710 0.103  
8 4 p-cymene 0.663 0.043  
9 4 propanoic acid 0.648 0.042  
12 3 1- hexanol 0.792 0.038  
6 3 nerol acetate 0.776 0.038  
4 4 methacrolein 0.565 0.036  
5 4 beta-damascenone 0.521 0.034  
7 3 (+)-4-carene 0.650 0.031  
11 3 valeric acid 0.641 0.031  
13 3 3-methyl-1-butanol 0.638 0.031  
10 2 acetic acid 0.845 0.027  
14 1 propyl-benzene 1.000 0.016 
SD 3 8 allyl alcohol 0.845 0.086 
La Crescent 2 8 beta-pinene 0.837 0.085 
(0.741)A 1 7 toluene 0.691 0.061  
11 5 isoamyl acetate 0.915 0.058  
6 6 isophorone 0.637 0.048  
7 6 ethyl butyrate 0.567 0.043  
8 5 hexanal 0.669 0.042  
4 5 benzaldehyde 0.657 0.042  
13 5 styrene 0.618 0.039  
15 4 carbon disulfide 0.771 0.039  
9 3 ethyl vinyl ketone 1.000 0.038  
5 3 camphene 0.900 0.034  
18 3 linalyl acetate 0.806 0.031  
17 3 geraniol 0.730 0.028  
10 2 furfural 0.908 0.023  
12 3 isobutyraldehyde 0.499 0.019  
16 2 2-ethyl-1-hexanol 0.500 0.013 
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Table 3 continued 
 
Sample Cluster No. of 
Members 
B 
Most Representative Variable C Cluster Proportion of 
Variation Explained D 
Total Proportion 
of Variation 
Explained E  
14 1 propyl-benzene 1.000 0.013 
A The total proportion of variation explained by all the cluster components. B The number of variables in the cluster. C The cluster 
variable that has the largest squared correlation with its cluster component. D The cluster's proportion of variance explained by the 
first principle component amount the variables in the cluster, based only on variables within the cluster. E The overall proportion of 
variance explained by the cluster component, using only the variables within each cluster to calculate the first principal component. 
Frontenac 
VOCs detected after crushing the berries of Frontenac grapes from the 2013 
growing season in Iowa were isovaleraldehyde and isoamyl acetate at veraison. At 
harvest, VOCs were cyclohexanol and 3-methyl-1-butanol, as shown in Figure A1. 
VOCs detected after crushing berries of Frontenac grapes from the 2012 growing season 
in South Dakota were acetaldehyde and 1-hexanol at veraison in 2012. Frontenac grapes 
from the 2013 growing season in South Dakota was associated with ethyl hexanoate. 
VOCs detected after crushing berries of Frontenac grapes from the 2012 growing season 
at harvest in South Dakota were associated with alkane and styrene. In 2013 at harvest, 
however, compounds emitted were acetone, ethyl palmitate, hexanoic acid, 2-methyl-1-
propanol, and 2-octanone in Frontenac grapes in South Dakota, Figure 9. 
Marquette 
Compounds emitted from Marquette grapes from the 2013 growing season in 
Iowa were formic acid, octyl ester at veraison. By harvest, 2013 Marquette grapes 
emitted benzophenone, hexanal, and isoamyl acetate (Figure A1). In the 2012 South 
Dakota growing season, compounds such as cyclohexanol and (E)-2-hexenoic acid were 
most associated with Marquette berries at veraison. By harvest, these compounds shifted 
to styrene, beta-cyclocitral, and nonanal (Figure 10).  
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Figure 9. Evolution of VOCs emitted from crushed berries from veraison to harvest of 2012 and 2013 
Frontenac grapes grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors 
from the origin and read clockwise: 1 = Nonane, 2 = Styrene, 3 = Octanal, 4 = Acetaldehyde, 5 = 1-Hexanol, 
6 = Benzoic acid, methyl ester, 7 = Isophorone, 8 = Ethyl hexanoate, 9 = N-benzyl-2-phenethylamine, 10 = 
Acetone, 11 = Ethyl palmitate, 12 = Hexanoic acid, 13 = 2-Methyl-1-propanol, 14 = 2-Octanone. 
 
Figure 10. Evolution of VOCs emitted from crushed berries from veraison to harvest of 2012 and 2013 
Marquette grapes grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors 
from the origin and read clockwise: 1 = 1-Heptanol, 2 = Amyl acetate, 3 = Methyl ethyl ketone, 4 = Decane, 
5 = Styrene, 6 = beta-Cyclocitral, 7 = Nonanal, 8 = Acetaldehyde, 9 = Valeraldehyde, 10 = Octanal, 11 = 
Cyclohexanol, 12 = (E)-2-hexenoic acid, 13 = Methyl disulfide, 14 = Nonane, 15 = Allyl alcohol, 16 = beta-
Damascenone, 17 = Nerol acetate, 18 = p-cymene, 19 = 1-Pentanol. 
St. Croix  
VOCs from crushed St. Croix grapes from the 2013 Iowa growing season 
changed from benzene acetaldehyde, isobutyraldehyde, ethyl butyrate, 1-hexanol, beta-
damascenone, valeraldehyde, ethyl decanoate, methacrolein, 1-butanol, aspirin methyl 
ester at veraison to formic acid, and octyl ester and isoamyl acetate at harvest (Figure 
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A1). VOCs from crushed St. Croix grapes from the 2013 growing season in South Dakota 
changed from benzyl alcohol, benzaldehyde, and N-benzyl-2-phenethylamine at veraison 
to ethyl acetate, methyl salicylate, safrol, propionaldehyde, 2-phenylethanol, 1-Pentanol, 
2-heptanone, benzoic acid, and methyl ester at harvest (Figure 11). 
 
Figure 11. Evolution of VOCs emitted from crushed berries from veraison to harvest of 2013 St. Croix grapes 
grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors from the origin 
and read clockwise: 1 = Benzyl alcohol, 2 = Benzaldehyde, 3 = Octanal, 4 = Acetophenone, 5 = Linalool, 6 
= Ethyl acetate, 7 = Methyl salicylate, 8 = Safrol, 9 = Propionaldehyde, 10 = 2-Phenylethanol, 11 = 1-
Pentanol, 12 = 2-Heptanone, 13 = Benzoic acid, methyl ester, 14 = Aspirin methyl ester, 15 = N-benzyl-2-
phenethylamine. 
La Crescent 
VOCs from La Crescent berries from the 2013 Iowa growing season changed 
from propanoic acid, ethyl butyrate, 3-methyl-1-butanol, beta-cyclocitral at veraison to p-
cymene, beta-damascenone, 1-hexanol, and beta-pinene at harvest (Figure A1). In the 
2013 South Dakota growing season, La Crescent VOCs from crushed berries changed 
from isoamyl acetate, linalyl acetate, 2-ethyl-1-hexanol, geraniol, isophorone, and allyl 
alcohol at veraison to ethyl butyrate, propyl-benzene, and styrene at harvest (Figure 12). 
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Figure 12. Evolution of VOCs emitted from crushed berries from veraison to harvest of 2012 and 2013 La 
Crescent grapes grown in South Dakota. Key to most representative volatiles from HCA, shown as vectors 
from the origin and read clockwise: 1 = Furfural, 2 = Isobutyraldehyde, 3 = Benzaldehyde, 4 = Ethyl vinyl 
ketone, 5 = Toluene, 6 = Camphene, 7 = Ethyl butyrate, 8 = Propyl-Benzene, 9 = Styrene, 10 = Hexanal, 11 
= beta-Pinene, 12 = Isoamyl acetate, 13 = Carbon disulfide, 14 = Linalyl acetate, 15 = 2-Ethyl-1-hexanol, 16 
= Geraniol, 17 = Isophorone, 18 = Allyl alcohol. 
Discussion 
The effect of vineyard practices on grape and wine aroma merit study. The claims 
to a regions’ wines by sensory attributes need to be scientifically correlated to bolster the 
local economies. Otherwise consumers are inundated with marketing claims. This study 
attempted to compare microclimates of Iowa and South Dakota during 3 months of the 
growing season, over 2 years. The Iowa plot is in USDA plant hardiness zone 5a [39]. In 
comparison, the South Dakota plot is in USDA plant hardiness zone 4b [39]. These 
metrics were obtained from the National Oceanic and Atmospheric Administration, 
formerly the National Climatic Data Center [40]. 
Preliminary analyses using ANOVA were also completed (shown in ‘ANOVA in-
vivo’ spreadsheet, Supplementary Materials). Type 1 sum of squares analysis indicated 
statistical significance of method, cultivar, date and time, method and cultivar interaction, 
and method and site and cultivar interactions (shown in Table A1). Post-hoc Tukey HSD 
test is (Table A2) shows differences within a method, cultivar, date and time, method and 
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cultivar interaction, and method and site and cultivar interactions. PCA analyses were 
used to determine key volatile compounds emitted. Although significant differences were 
noted using ANOVA and Tukey HSD for total VOCs emitted, the more detailed analysis 
with PCA (focused on individual VOCs) accounted for less than 70% variance. This was 
the case for all but one case (Figure 5) of Frontenac grown in South Dakota in 2013. 
Statistical analysis using PCA indicated that Frontenac and Marquette were most similar 
in total VOC emission profile (i.e., clustered around the origin). St. Croix cultivars had a 
higher positive correlation with the first principal component. Seventeen VOCs with 
correlation ≥0.300 are listed in a section on statistical analysis. Any differences in the soil 
and microclimate of these two sites affected overall VOCs emitted from La Crescent and 
St. Croix cultivars during this research. It is cautioned that these differences could also be 
affected by the genetics of the cold-hardy hybrids. Frontenac and Marquette share similar 
parentage [41]. 
The advantages of the modified glass vials over PVF film chambers are its 
compact design for field sampling, reusability, reduced background contamination from 
glass, and isolation of VOCs emitted from a single berry. Vacuum-assisted headspace 
SPME sampling has been used in carefully controlled laboratory settings, to successfully 
achieve shorter sampling times at lower sampling temperature with good sensitivity and 
precision to extract polychlorinated biphenyls (PCB) from water [42]. This novel 
sampling device was the logical next step to isolate VOCs emitted from grape berries 
during development. This sampling technique is comparable to a viticulturist ‘smelling’ a 
grape and detecting only the volatile compounds emitted through the grape skin. These 
VOCs are recognized as “free” aroma compounds not bound to a sugar moiety within the 
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berry [43]. This could allow for monitoring of VOCs to measure berry ripeness by 
instrumental methods. Grapes get softer as they develop, and some cultivars are prone to 
slip skin (i.e., the grape skin slips easily from the fruit pulp). A disadvantage in using 
modified glass vials for grape sampling in this research is that increased vacuum was 
needed as the grapes developed and softened, and sometimes broke the grape skin, more 
often in the St. Croix cultivar. Another confounding element could be the presence and 
interference of volatile compounds on the grape skin but not produced by the grape (i.e., 
pesticide residues, naturally occurring yeasts and molds). 
Non-destructive, sampling of VOCs emitted in-vivo from cold-hardy grapes was 
conducted using 2 methods. PVF film sampling chambers with custom SPME sampling 
port was used to monitor whole cluster VOC emissions. Modified glass vials supported 
SPME sampling of individual berries. For comparison to both non-destructive methods, a 
random 5 berry sample was collected, crushed, and analyzed under controlled laboratory 
conditions. Statistical analysis using PCA indicated that sampling by PVF chambers and 
modified glass vials detected similar VOC emission profiles across all 4 cultivars. There 
was 1 outlier from the glass vial method, indicating a higher than average concentration 
of styrene in La Crescent grapes. This data could provide evidence of styrene as a product 
of 2-phenylethanol synthesis from yeast cells [44] (p. 309) present during sampling. It 
should be noted that 2-phenylethanol variable is positively correlated with principal 
component 2, orthogonal to styrene. It is expected to have more VOCs detected at higher 
relative concentrations in crushed berry analysis because of the release of juices and 
volatiles bound within the berry skin and pulp. Research is warranted to compare 
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headspace SPME analyses of crushed berries with conventional analytical methods such 
as liquid-liquid extraction [45]. 
Berry VOCs were sampled within a 3-month growing period each year for 2 
years. VOC profile in 2012, sampled by PVF chambers and crushed berries were similar 
in profile. Data points from the PCA fall close to the origin throughout the year in 2012, 
not shown. This indicated that VOCs collected via PVF chambers did not show 
noticeable changes from veraison to harvest. VOC profile in 2013, sampled by modified 
glass vials and crushed berries were similar in profile (points near the origin) until the 
end of August, with the exception of the outlier on 14 August 2013, Figure 3. In La 
Crescent and St. Croix cultivars grown in Iowa, there is a movement towards higher than 
average VOC emission on 24 August 2016, Figure 4. In Iowa, VOC development was 
still trending above average at harvest on 3 August 2016 for St. Croix and on 29 
September 2016 for La Crescent, not shown. VOCs emitted from Frontenac, Marquette, 
and St Croix cultivars grown in South Dakota started to develop and deviate from 
average later than Iowa on 29 August 2016, Figure 5. VOCs emitted from La Crescent 
grown in South Dakota start to trend above average on 3 September 2016, Figure 5. 
VOC emissions returned to average levels between 29 August and 5 September (harvest) 
in South Dakota Frontenac berries, Figure 7. The same decreasing trend was observed in 
South Dakota Marquette between 5 September and 8 September 2016, not shown. Similar 
to Iowa, the increased VOCs emitted from South Dakota St. Croix and La Crescent do 
not decline by harvest, not shown. 
Differences in microclimate of Iowa and South Dakota plots did not affect VOC 
emissions from 4 cold-hardy grape cultivars. Little difference in VOC emissions is 
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expected from Marquette and Frontenac because of a shared pedigree. Greater changes in 
VOC emissions was observed between destructive crushed berry analysis and non-
destructive in-vivo analysis methods, but not within the non-destructive methods. In Iowa 
and South Dakota plots, VOCs emitted from St. Croix and La Crescent cultivars 
continued to change from veraison through harvest. VOCs emitted in-vivo from 
Frontenac and Marquette cultivars in South Dakota started to decline 8 days and 3 days 
before harvest, respectively. More research is warranted in order to make 
recommendations to viticulturists regarding ideal harvest time for maximum aromas in 
the cold-hardy grapes. Linking correlations between viticultural practices can enhance the 
quality of wines for new cold-climate cultivars. 
Several improvements to the proposed in-vivo sampling are warranted. Addition 
of internal standard (IS) [46], for example a small vial with a membrane for controlled 
emission of IS during sampling (e.g., inside a PVF bag) would to ensure that sampling 
temperature and SPME fiber variables are controlled. This information would help to 
normalize sampling variables in field conditions and potentially help with data quality. 
Secondly, IS addition would enable quantification of volatiles. 
Materials and Methods  
Overview 
A detailed description of Materials and Methods is provided elsewhere [36]. 
Briefly, below are the summaries of particular approaches used. Research vineyards were 
located at South Dakota State University (SDSU, Brookings, SD, USA) and Iowa State 
University (ISU, Ames, IA, USA). Grape clusters were randomly selected, and volatiles 
from the same clusters were sampled from veraison to harvest. Veraison is defined as 
when half of the clusters have changed to their ripe color and is shown as the first time 
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point in Results. Collection of volatiles from whole clusters and single berries was 
completed in 2012 and 2013 seasons, respectively. Berry chemistry data (i.e., Brix, pH, 
ambient temperatures, and titratable acidity (IA only)) is provided in Supplementary 
Material. Volatiles from crushed berries were collected at the same time as in-vivo 
sampling for both growing seasons. A SPME (65 µm polydimethylsiloxane 
(PDMS)/divinylbenzene (DVB)) fibers were used for on-site sampling at vineyards and 
for headspace extraction from crushed berries. No internal standard was used. However, 
trip blanks (i.e., ambient air samples collected at each vineyard) and sampling vial blanks 
(for destructive sampling) were used to account for potential interfering volatiles. Four 
replicates (vines) were sampled per site and cultivar at each time point.  
In-Vivo Sampling of Volatiles from a Whole Cluster of Grapes 
Sampling chambers (~5 L volume) for the non-destructive collection of in-vivo 
volatiles were made from a PVF film and held firm with clean aluminum wire cage 
framing. Preconditioned (cleaned) PVF chambers were fitted with custom sampling ports 
for insertion of SPME needles. Typical sampling time was 30 min.  
In-Vivo Sampling of Volatiles from a Single Grape 
A standard 2 mL glass vials were modified by removing flat bottoms (Fisher 
Scientific, Waltham, MA, USA) at a glass shop. The edges of were flared and rounded. A 
half-hole septa was added to the screw top to support the SPME needle. The SPME fiber 
was placed through the septa prior to sampling. After assembly and placement of the vial 
apparatus on the individual berry (Figure 2), 5 mL of air was pulled from the vial using a 
syringe. Care was taken not to disturb the SPME fiber with the syringe needle. The 
resultant vacuum held the apparatus in place (i.e., sealed by suction into berry surface) 
while the SPME fiber was exposed for vacuum-assisted VOC sampling. The single berry 
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sampling vials were cleaned prior to each sampling by rinsing in deionized water and 
oven baked overnight at 107 °C. Cleaned vials were transported in an aluminum lined 
box. PTFE screw tops were replaced after each sampling. 
Destructive Sampling 
Berries were collected from each cultivar on the same day and time of in-vivo 
sampling. Five berries were collected from clusters adjacent to the cluster tagged for in-
vivo sampling (i.e., from the same vine but a different cluster than in-vivo sampled 
berries). Collected berries were frozen prior to analysis and stored in a −20 °C freezer. 
Berries collected in South Dakota were also frozen and shipped on ice overnight for 
analysis in Iowa. Frozen berries were hand-crushed in the lab, placed into 20 mL amber 
screw top vials (Wheaton, Millville, NJ) with PTFE/silicone septa. A CTC CombiPal 
(LEAP Technologies, Carrboro, NC, USA) was used for automated SPME sampling. 
Briefly, the vials were agitated and heated to 50 °C for 10 min, followed by 30 min 
agitated headspace sampling using 65 μm PDMS/DVB SPME fiber. The fiber was 
thermally desorbed under a flow of helium prior to each sample exposure. These 
sampling parameters were determined, not shown. 
Data Acquisition and Analysis 
A custom multidimensional GC was used (Microanalytics, a part of Volatile 
Analysis Corporation, Round Rock, TX, USA), built on a standard Agilent 6890 platform 
(Agilent Technologies, Santa Clara, CA, USA). System automation and data acquisition 
software were MultiTrax (Microanalytics, Round Rock, TX, USA) and ChemStation 
(Agilent Technologies, Santa Clara, CA, USA). Chromatography was performed on two 
capillary columns connected in series. The first column was 5% phenyl polysilphenylene-
siloxane (30 m × 0.53 mm inner diameter × 0.5 μm thickness, Trajan Scientific, Austin, 
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TX, USA) with a fixed restrictor pre-column. The second polar column was bonded 
polyethylene glycol in a Sol-Gel matrix (30 m × 0.53 mm inner diameter × 0.5 μm 
thickness, Trajan Scientific, Austin, TX, USA). The midpoint between the two columns 
was maintained at a constant pressure of 0.39 atm by a pneumatic switch. In this research, 
all effluent from the first column was directed into the 2nd analytical column, i.e., no 
heartcutting was performed. The instrument was also equipped with a flame ionization 
detector (FID). Flow to the FID can also directed at the midpoint, but FID was not 
utilized in this research. True multidimensional analyses were not performed, i.e., the 
system was used in full heartcut mode, meaning separation was performed on both 
columns in series. Effluent from the second polar column was simultaneously directed to 
a single quadrupole MS (Model 5973N, Agilent Technologies, Santa Clara, CA, USA) 
and an olfactometry (sniff) port (Microanalytics, Round Rock, TX, USA) via an open spit 
interface at atmospheric pressure. The sniff port is equipped with a purge flow controller 
and supplied with humidified air at 0.54 atm. Flow to the MS and sniff port is determined 
by fixed restrictor columns, 1 part to MS and 3 to sniff port. Olfactometry was not 
utilized in the research. The GC inlet was operated in splitless mode at 250 °C. GC oven 
parameters start with an initial temperature of 40 °C, held for 3.0 min, followed by a 7 °C 
per min ramp to 240 °C, held for 8.43 min. Total run time was 40 min. Carrier gas is 
ultra-high purity (UHP) helium (99.999%, Airgas, Des Moines, IA, USA). Temperature 
of the sniff port and MS transfer lines were 240 °C and 280 °C, respectively. MS full 
scan range was set from 34 m/z to 350 m/z. Scans were collected in electron ionization 
(EI) mode with an ionization energy of 70 eV. MS heated zones for quadrupole and 
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source were 150 °C and 230 °C, respectively. Daily tuning of the MS was performed with 
perfluorotributylamine (PFTBA) before each analysis. 
Identification of compounds was performed using Automated Mass Spectral 
Deconvolution and Identification System (AMDIS) target library search with at least 
80% mass spectral match. Target libraries included (a) the 6 libraries that are included 
with the AMDIS program, (b) an onsite library created from analysis of pure standards 
(200+ compounds), (c) NIST11 mass spectral library. Analysis of variance (ANOVA) 
was performed using XLSTAT 2016.04.33113 (Addinsoft, New York, NY, USA). The 
effects of cultivar, site, sampling time, and sampling methods and their interactions on 
volatiles emitted were analyzed using ANOVA (with confidence interval of 95% and the 
tolerance of 0.0001) followed by post-hoc (Tukey honestly significant difference, HSD) 
test. Multivariate analysis was performed using JMP Pro 12.0.1 (SAS Institute Inc., Cary, 
NC, USA). 
Conclusions 
We have shown that is feasible to detect VOCs emitted in-vivo from single grape 
berries (39 compounds) and whole clusters (44 compounds). Over 110 VOCs were 
released to headspace from crushed berries. Spatial (vineyard location) and temporal 
variations in VOC profiles were observed for all four cultivars. However, these changes 
were not consistent by growing season, by location, within cultivars, by ripening stage 
when analyzed by multivariate analyses such as principal component analysis (PCA) and 
hierarchical cluster analyses (HCA). Research into aroma compounds present in cold-
hardy cultivars is essential to the continued growth of the wine industry in cold climates 
and diversification of agriculture in the upper Midwestern area of the U.S. 
59 
 
Supplementary Materials 
The full list of biogenic volatiles emitted from four cold-hardy grape cultivars 
during ripening is available online at [36]. In addition, analysis of variance (ANOVA) is 
provided in ‘ANOVA in vivo’ spreadsheet and berry chemistry data are provided in 
‘Berry Chemistry 2012 and 2013 data’ spreadsheet, found in [47]. 
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Appendix. Additional Material 
 
Figure A1. Results of a PCA on VOCs emitted from Iowa cold-hardy grapes by sampling methods (1) 
whole cluster, (2) single berry, (3) crushed berries, and cultivars (A) Frontenac, (B) Marquette, (C) St. 
Croix, (D) La Crescent. These plots show the relationships of grape maturity during ripening (Date) to each 
other and the associations among the most representative variable from cluster analysis. Key: 1A: 1 = 3-
Methyl-1-butanol, 2 = 5-(Hydroxymethyl)-2-furancarboxaldehyde, 3 = Nonanal, 4 = 4-Methyl-3-penten-2-
one, 5 = 1,4-Butanolide, 6 = Benzophenone, 7 = Heptanal; 1B: 1 = 1-Octanol, 5 = Acetaldehyde, 3 = 
Methyl ethyl ketone, 2 = 1-Hexadecanol, 6 = Acetophenone, 4 = Acetic acid, 7 = 2-Ethyl-1-hexanol; 2C: 1 
= 3-Methyl indole, 2 = Benzyl alcohol, 3 = Acetic Acid; 2D: 1 = 3-methyl indole, 2 = Ethanol, 3 = 2-
Phenylethanol, 4 = 2-ethyl-1-hexanol; 3A: 1 = Isovaleraldehyde, 2 = Isoamyl acetate, 3 = Toluene, 4 = 
Cyclohexanol, 5 = 3-Methyl-1-butanol; 3B: 1 = Benzophenone, 2 = Ethanol, 3 = Hexanal, 4 = Isoamyl 
acetate, 5 = Styrene, 6 = Allyl alcohol; 3C: 1 = Benzene acetaldehyde, 2 = Isobutyraldehyde, 3 = Ethanol, 4 
= Ethyl butyrate, 5 = 1-Hexanol, 6 = Formic acid, octyl ester, 7 = beta-Damascenone, 8 = Isoamyl acetate, 
9 = Valeraldehyde, 10 = Ethyl decanoate, 11 = Methacrolein, 12 = 1-Butanol, 13 = Aspirin methyl ester; 
3D: 1 = Propanoic acid, 2 = Ethyl butyrate, 3 = 3-Methyl-1-butanol, 4 = beta-Cyclocitral, 5 = p-Cymene, 6 
= beta-Damascenone, 7 = 1-Hexanol, 8 = beta-Pinene, 9 = Nerol acetate, 10 = Propyl-benzene, 11 = Acetic 
acid, 12 = (+)-4-Carene, 13 = Valeric acid, 14 = Methacrolein. 
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Figure A2. Results of a PCA on VOCs emitted from South Dakota cold-hardy grapes by sampling methods 
(1) whole cluster, (2) single berry, (3) crushed berries, and cultivars (A) Frontenac, (B) Marquette, (C) St. 
Croix, (D) La Crescent. These plots show the relationships of grape maturity during ripening (Date) to each 
other and the associations among the most representative variable from cluster analysis. Key: 1A: 1 = 2-
Methyl-3-penten-2-one, 2 = Nonanal, 3 = Benzyl alcohol, 4 = Toluene, 5 = Acetic acid, 6 = 3-Phenyl-2-
propenal; 1B: 1 = 1-Hexadecanol, 2 = 2-Ethyl-1-Hexanol, 3 = 1-Pentanol, 4 = Acetone, 5 = Indene, 6 = 
Decane, 7 = 4-methyl-3-penten-2-one; 2A: 1 = Palmitic acid, 2 = Acetic acid; 2B: 1 = Ethyl octanoate, 2 = 
2-Ethyl-1-hexanol, 3 = 1,4-Butanolide; 2C: 1 = Nonanal, 2 = Diacetone alcohol, 3 = 1,4-Butanolide, 4 = 5-
(Hydroxymethyl)-1-furancarboxaldehyde, 5 = Ethyl acetate; 2D: 1 = 2-Phenylethanol, 3 = Diacetone alcohol, 
4 = Acetic acid, 2 = 6-Methyl-5-hepten-2-one; 3A: 1 = Nonane, 2 = Styrene, 3 = Octanal, 4 = Acetaldehyde, 
5 = 1-Hexanol, 6 = Benzoic acid, methyl ester, 7 = Isophorone, 8 = Ethyl hexanoate, 9 = N-benzyl-2-
phenethylamine, 10 = Acetone, 11 = Ethyl palmitate, 12 = Hexanoic acid, 13 = 2-Methyl-1-propanol, 14 = 
2-Octanone; 3B: 1 = 1-Heptanol, 2 = Amyl acetate, 3 = Methyl ethyl ketone, 4 = Decane, 5 = Styrene, 6 = 
beta-Cyclocitral, 7 = Nonanal, 8 = Acetaldehyde, 9 = Valeraldehyde, 10 = Octanal, 11 = Cyclohexanol, 12 
= (E)-2-hexenoic acid, 13 = Methyl disulfide, 14 = Nonane, 15 = Allyl alcohol, 16 = beta-Damascenone, 17 
= Nerol acetate, 18 = p-Cymene, 19 = 1-Pentanol; 3C: 1 = Benzyl alcohol, 2 = Benzaldehyde, 3 = Octanal, 4 
= Acetophenone, 5 = Linalool, 6 = Ethyl acetate, 7 = Methyl salicylate, 8 = Safrol, 9 = Propionaldehyde, 10 
= 2-Phenylethanol, 11 = 1-Pentanol, 12 = 2-Heptanone, 13 = Benzoic acid, methyl ester, 14 = Aspirin methyl 
ester, 15 = N-benzyl-2-phenethylamine; 3D: 1 = Furfural, 2 = Isobutyraldehyde, 3 = Benzaldehyde, 4 = Ethyl 
vinyl ketone, 5 = Toluene, 6 = Camphene, 7 = Ethyl butyrate, 8 = Propyl-benzene, 9 = Styrene, 10 = Hexanal, 
11 = beta-Pinene, 12 = Isoamyl acetate, 13 = Carbon disulfide, 14 = Linalyl acetate, 15 = 2-Ethyl-1-hexanol, 
16 = Geraniol, 17 = Isophorone, 18 = Allyl alcohol. 
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Table A1. Type I sum of squares analysis. 
Source DF Sum of Squares 
Mean 
Squares F Pr > F 
Method 3 1.88 × 1016 6.26 × 1015 122.794 <0.0001 
Site 1 6.92 × 1010 6.92 × 1010 0.001 0.971 
Cultivar 3 1.91 × 1016 6.37 × 1015 124.900 <0.0001 
Date/Time 31 1.14 × 1016 3.67 × 1014 7.204 <0.0001 
Method*Site 2 6.54 × 1014 3.27 × 1014 6.416 0.002 
Method*Cultivar 4 6.43 × 1015 1.61 × 1015 31.532 <0.0001 
Method*Date/Time 14 1.45 × 1015 1.04 × 1014 2.035 0.016 
Site*Cultivar 3 7.36 × 1014 2.45 × 1014 4.815 0.003 
Site*Date/Time 2 2.24 × 1014 1.12 × 1014 2.202 0.113 
Cultivar*Date/Time 24 2.37 × 1015 9.87 × 1013 1.937 0.007 
Method*Site*Cultivar 1 8.96 × 1014 8.96 × 1014 17.588 <0.0001 
Method*Site*Date/Time 0 0.00 × 1000    
Method*Cultivar*Date/Time 7 6.53 × 1013 9.33 × 1012 0.183 0.989 
 
Table A2. Results of Tukey HSD test. 
Category Groups 
Method-GV*Cultivar-La 
Crescent*Date/Time-9/8/2013 
A               
Method-GV*Cultivar-La 
Crescent*Date/Time-9/15/2013 
A               
Method-GV*Cultivar-La 
Crescent*Date/Time-8/30/2013 
A B              
                
Method-GV*Cultivar-St. 
Croix*Date/Time-9/15/2013 
A B C             
Method-GV*Cultivar-St. 
Croix*Date/Time-9/8/2013 
A B C             
Method-GV*Cultivar-St. 
Croix*Date/Time-8/30/2013 
A B C D            
Method-GV*Cultivar-St. 
Croix*Date/Time-9/25/2013 
A B C D E           
Method-CB*Cultivar-
Frontenac*Date/Time-8/13/2013 
A B C D E F          
Method-CB*Cultivar-
Marquette*Date/Time-8/13/2013 
A B C D E F          
Method-CB*Cultivar-La 
Crescent*Date/Time-8/13/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-9/9/2013 
A B C D E F          
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Table A2 continued 
 
Category Groups 
Method-GV*Cultivar-St. 
Croix*Date/Time-8/29/2013 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-8/10/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-8/27/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-8/13/2012 
A B C D E F          
Method-*PVF*Cultivar-
Marquette*Date/Time-7/31/2012 
A B C D E F          
Method-*PVF*Cultivar-
Marquette*Date/Time-8/06/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-9/5/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-9/5/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-9/11/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-8/6/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-8/6/2012 
A B C D E F          
Method-*PVF*Cultivar-
Marquette*Date/Time-8/6/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-8/13/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-8/10/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-8/20/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-8/27/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-7/31/2012 
A B C D E F          
Method-CB*Cultivar-
Marquette*Date/Time-9/9/2013 
A B C D E F          
Method-*PVF*Cultivar-
Marquette*Date/Time-8/6/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-8/20/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-7/18/2012 
A B C D E F          
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Table A2 continued 
 
Category Groups 
Method-PVF*Cultivar-
Frontenac*Date/Time-7/12/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-7/31/2012 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-7/30/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-7/18/2012 
A B C D E F          
Method-PVF*Cultivar-
Frontenac*Date/Time-7/30/2012 
A B C D E F          
Method-CB*Cultivar-La 
Crescent*Date/Time-8/31/2013 
A B C D E F          
Method-PVF*Cultivar-
Marquette*Date/Time-7/12/2012 
A B C D E F          
Method-GV*Cultivar-La 
Crescent*Date/Time-8/29/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-8/21/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-9/22/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-8/28/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-9/5/2013 
A B C D E F          
Method-CB*Cultivar-
Frontenac*Date/Time-9/13/2013 
A B C D E F          
Method-CB*Cultivar-
Marquette*Date/Time-8/21/2013 
A B C D E F          
Method-GV*Cultivar-
Frontenac*Date/Time-9/5/2013 
A B C D E F G         
Method-GV*Cultivar-
Frontenac*Date/Time-8/21/2013 
A B C D E F G         
Method-GV*Cultivar-
Frontenac*Date/Time-9/13/2013 
A B C D E F G         
Method-GV*Cultivar-
Marquette*Date/Time-9/13/2013 
A B C D E F G         
Method-GV*Cultivar-
Marquette*Date/Time-9/8/2013 
A B C D E F G         
Method-GV*Cultivar-
Marquette*Date/Time-9/5/2013 
A B C D E F G         
Method-GV*Cultivar-
Marquette*Date/Time-8/21/2013 
A B C D E F G         
70 
 
Table A2 continued 
 
Category Groups 
Method-CB*Cultivar-
Frontenac*Date/Time-9/5/2012 
A B C D E F G         
Method-CB*Cultivar-
Frontenac*Date/Time-8/6/2012 
A B C D E F G H        
Method-CB*Cultivar-
Marquette*Date/Time-9/22/2013 
A B C D E F G H        
Method-CB*Cultivar-
Frontenac*Date/Time-8/27/2012 
A B C D E F G H        
Method-CB*Cultivar-
Marquette*Date/Time-9/5/2013 
A B C D E F G H        
Method-GV*Cultivar-St. 
Croix*Date/Time-9/3/2013 
A B C D E F G H        
Method-GV*Cultivar-St. 
Croix*Date/Time-8/24/2013 
A B C D E F G H        
Method-CB*Cultivar-
Marquette*Date/Time-8/28/2013 
A B C D E F G H        
Method-CB*Cultivar-
Frontenac*Date/Time-8/10/2012 
A B C D E F G H I       
Method-CB*Cultivar-
Marquette*Date/Time-9/13/2013 
A B C D E F G H I       
Method-CB*Cultivar-
Frontenac*Date/Time-8/20/2012 
A B C D E F G H I       
Method-CB*Cultivar-St. 
Croix*Date/Time-8/29/2013 
 B C D E F G H I J      
Method-CB*Cultivar-
Marquette*Date/Time-8/6/2012 
  C D E F G H I J      
Method-CB*Cultivar-
Frontenac*Date/Time-9/11/2012 
  C D E F G H I J      
Method-CB*Cultivar-
Marquette*Date/Time-8/10/2012 
  C D E F G H I J      
Method-CB*Cultivar-St. 
Croix*Date/Time-8/31/2013 
  C D E F G H I J      
Method-GV*Cultivar-La 
Crescent*Date/Time-8/24/2013 
  C D E F G H I J K     
Method-GV*Cultivar-La 
Crescent*Date/Time-8/10/2013 
  C D E F G H I J K     
Method-CB*Cultivar-La 
Crescent*Date/Time-8/10/2013 
  C D E F G H I J K     
Method-CB*Cultivar-St. 
Croix*Date/Time-9/8/2013 
  C D E F G H I J K L    
Method-GV*Cultivar-
Frontenac*Date/Time-8/29/2013 
  C D E F G H I J K L    
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Table A2 continued 
 
Category Groups 
Method-GV*Cultivar-
Marquette*Date/Time-8/29/2013 
  C D E F G H I J K L    
Method-CB*Cultivar-St. 
Croix*Date/Time-9/25/2013 
   D E F G H I J K L M   
Method-CB*Cultivar-St. 
Croix*Date/Time-8/13/2013 
    E F G H I J K L M   
Method-CB*Cultivar-
Marquette*Date/Time-9/5/2012 
     F G H I J K L M   
Method-CB*Cultivar-
Marquette*Date/Time-8/20/2012 
     F G H I J K L M   
Method-CB*Cultivar-
Marquette*Date/Time-9/11/2012 
     F G H I J K L M   
Method-CB*Cultivar-St. 
Croix*Date/Time-8/24/2013 
     F G H I J K L M N  
Method-CB*Cultivar-
Marquette*Date/Time-8/27/2012 
     F G H I J K L M N  
Method-CB*Cultivar-La 
Crescent*Date/Time-8/29/2013 
      G H I J K L M N O 
Method-CB*Cultivar-La 
Crescent*Date/Time-9/20/2013 
       H I J K L M N O 
Method-CB*Cultivar-La 
Crescent*Date/Time-8/28/2013 
        I J K L M N O 
Method-CB*Cultivar-St. 
Croix*Date/Time-9/3/2013 
         J K L M N O 
Method-GV*Cultivar-La 
Crescent*Date/Time-8/14/2013 
          K L M N O 
Method-CB*Cultivar-St. 
Croix*Date/Time-9/15/2013 
           L M N O 
Method-CB*Cultivar-La 
Crescent*Date/Time-8/24/2013 
            M N O 
Method-CB*Cultivar-La 
Crescent*Date/Time-9/3/2013 
             N O 
Method-CB*Cultivar-La 
Crescent*Date/Time-9/15/2013 
              O 
Note: Tukey’s d critical value: 6.125. Categories not sharing a group letter are significantly 
different (p value ≤ 0.05). 
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CHAPTER 4. BIOGENIC VOLATILES EMITTED FROM FOUR COLD-HARDY 
GRAPE CULTIVARS DURING RIPENING 
Modified from a manuscript published in data 
Somchai Rice1,2,3, Devin L. Maurer3, Anne Fennell4, Murlidhar Dharmadhikari1, 
and Jacek A. Koziel2,3,* 
Abstract 
In this research dataset, we summarize for the first time volatile organic 
compounds (VOCs) emitted in vivo from ripening wine grapes. We studied four cold-
hardy cultivars grown in the Midwestern U.S.: St. Croix, Frontenac, Marquette, and La 
Crescent. These cultivars have gained popularity among local growers and winemakers, 
but still very little is known about their performance compared with long-established V. 
vinifera grapes. Volatiles were collected using two novel approaches: biogenic emissions 
from grape clusters on a vine and single grape berries. A third approach was headspace 
collection of volatiles from crushed grapes. Solid-phase microextraction (SPME) was 
used to collect volatiles. Vacuum-assisted SPME was used in the case of single grape 
berry. Collected VOCs were analyzed using separation and identification on a gas 
chromatograph mass spectrometer (GC-MS). More than 120 VOCs were identified using 
mass spectral libraries. The dataset provides evidence that detecting biogenic emissions 
from growing grapes is feasible. The dataset provides a record of temporal and spatial 
variability of VOCs, many of which could potentially impart aroma and flavor in the 
wine. The number of VOCs detected followed the order from single berry (the least) to 
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crushed berry (the most). Thus, more information for potential use in harvesting in order 
to obtain the desired flavor is found in data from crushed grape
Dataset 
The dataset is submitted and published as a supplement to this article is found in 
the journal data, available online at www.mdpi.com/2306-5729/4/1/22/s1. 
Dataset License 
CC-BY 
Keywords 
biogenic emissions; veraison; viticulture; nondestructive analysis; wine aroma; 
diffusion; grape skin; vacuum-assisted extraction; solid-phase microextraction; VOCs 
Summary  
Volatile organic compounds (VOCs) emitted in vivo from cold-hardy grape 
cultivars Frontenac, Marquette, St. Croix, and La Crescent grape berries from veraison to 
harvest were captured by two novel methods using solid-phase microextraction (SPME) 
and characterized by a gas chromatograph mass spectrometer (GC-MS). Whole cluster 
VOC characterization was performed in simple custom-made polyvinyl fluoride (PVF) 
film bags fitted with a custom SPME sampling port. Single grape berry VOC 
characterization was performed using a modified glass vial and vacuum-assisted SPME. 
In addition, berries were collected in the vineyard, crushed, and analyzed using an 
automated headspace SPME method in the lab. The data is a summary of these biogenic 
volatiles from all three sampling methods, from two different vineyards, four cold-hardy 
grape cultivars, and selected sampling time points approximately corresponding to a 2-
degree rise in Brix (as % sugar content). 
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This dataset can be used to link biogenic amines from ripening grapes to the 
aroma profile of the wines made from these grapes. An automated SPME method for 
aroma analysis in wines has been described elsewhere [1], and used to characterize 
aromas in “Frontenac’ and “Marquette” wines [2], and “Brianna” and “Frontenac gris” 
wines [3], and even concentrations of pigments and tannins in 
“Frontenac” and “Marquette” berries [4] harvested at different stages of berry 
ripening. It is important to understand berry chemistry (i.e., aroma, pH, titratable acidity, 
Brix) in order to make quality wines, and this dataset serves as the starting point to help 
growers farm for flavor. 
Data Description 
The data provided in Supplementary Materials (Table S1) in spreadsheet format is 
the summary of biogenic volatiles emitted from four selected cold-hardy grape cultivars 
during ripening. Each row contains information about the Chemical Abstracts Service 
(CAS) number, volatile compound name, gas chromatography (GC) retention time in 
minutes, site location (Iowa or South Dakota), sampling method (whole cluster, single 
berry, crushed berries), sampling date, relative abundance of the volatile compound (in 
peak area counts), percent match to mass spectral libraries, and published aroma 
descriptors from two databases [5,6], as read from left to right in the spreadsheet. Each 
row represents data for a single vine, that is, three or four replicates were samples at the 
same time point. Blanks (i.e., ambient air samples collected at each vineyard) were used 
to account for potential interfering compounds. Small variations in the GC column 
retention time in Table S1 are typical with manual injection of SPME-based samples. A 
key is also provided in the sample table footer (Table 1). Data analysis including 
multivariate analyses of the entire dataset in Table S1 is provided elsewhere [7]
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Table 1. Example of a summary of biogenic volatiles emitted from four cold-hardy grape cultivars during ripening. Complete summary (~4800 rows) is in Table S1 
(Supplementary Materials). 
 Aroma Descriptor(s) 
CAS Compound Name 
GC Column 
Retention 
Time (min) 
Site 
Location 
(State)1 
Method of 
Extraction2 Cultivar Date 
Deconvoluted 
Signal (Peak 
Area Count) 
MS 
Library 
Match 
(%) 
[5] [6] 
100-42-
5 Styrene 11.30 IA CB Frontenac 13-August-2013 2.76 × 10
4 99 
Balsamic, 
Gasoline 
Balsamic 
100-51-
6 
Benzyl 
Alcohol 20.46 IA CB St. Croix 3-September-2013 8.33 × 10
4 89 Sweet, Flower Floral 
100-52-
7 Benzaldehyde 15.34 IA CB 
La 
Crescent 29-August-2013 2.11 × 10
5 97 Almond, Burnt sugar Fruity 
106-24-
1 Geraniol 21.47 SD CB Marquette 27-August-2012 9.02 × 10
4 85 Rose, Geranium 
Sweet, 
Floral, 
Fruity, 
Rose, 
Waxy, 
Citrus 
1 IA = Iowa, SD = South Dakota; 2 PFV = polyvinyl fluoride film enclosing whole grape cluster on a vine, GV = modified glass vial enclosing a section of single grape berry skin 
using vacuum, CB = crushed grape berries; References used: [5] = Flavornet, [6] = The Good Scents Company. 
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Methods 
Overview 
Research vineyards are located at NE Hansen research farm at South Dakota State 
University (SDSU, Brookings, SD, USA) and Iowa State University Horticulture Farm 
(ISU, Ames, IA, USA). Cultivars were grown in a randomized complete block design in 
both test vineyards in 2008 as part of the NE-1020 Cold Hardy Wine Grape Cultivar Trial. 
Grape clusters were randomly selected and tagged, so the same clusters were sampled from 
veraison to harvest for VOCs emitted in vivo from ripening grapes. Two in vivo sampling 
methods utilizing SPME were used, namely, extractions from whole air chambers 
enveloping ripening clusters in the 2012 season and vacuum-assisted extractions from 
single berries using modified glass vials in the 2013 season, respectively. Volatiles present 
in the headspace of crushed berries (i.e., skin, pulp, and seeds) were also investigated for 
the 2012 and 2013 growing seasons for comparisons with in vivo sampling. Berries from 
each cultivar were collected on the same day as in vivo sampling, collected from untagged 
clusters, crushed, and analyzed in comparison. These berries were kept in the dark and 
frozen at −20 ◦C for batch analysis after harvest. 
A 65 μm polydimethylsiloxane/divinylbenzene (PDMS/DVB) fused silica SPME 
fiber (P/N 57310-U, Sigma-Aldrich, St. Louis, MO, USA) was conditioned according to 
the manufacturer’s specifications. Cleaned fibers were stored and transported in aluminum 
foil packets and sealed in mason jars. Foil and mason jars had been thermally cleaned 
overnight in an oven (at 110 ◦C) to minimize interferences from the environment. After 
sampling, described in the following sections, SPME fibers are wrapped in clean aluminum 
foil, placed and sealed in clean glass mason jars, and transported on ice packs to the lab for 
analysis on the same day. Samples of the volatiles collected on SPME fibers in Brookings, 
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SD were prepared and used in the same manner and sent to Ames, IA via an overnight 
carrier for analyses. Volatiles emitted from whole clusters of Frontenac and Marquette 
cultivars were investigated for the 2012 growing season in both Iowa and South Dakota. 
Volatiles emitted from single berries of St. Croix and La Crescent cultivars were 
investigated for the 2013 growing season. 
Non-Destructive Sampling of Biogenic Volatiles 
The feasibility of “in vivo” sampling with SPME fibers and the optimization of 
coatings and extraction times were investigated prior to field sampling using Chilean 
seeded table grapes from a local grocery store (Figure A1–Figure A3). Based on the 
results of the feasibility test, a 65 μm PDMS/DVB SPME fiber coating type and 30-min 
sampling time were selected as parameters that could enable the collection of the largest 
number of VOCs, with the least variability in the least amount of time. Thus, SPME fibers 
were exposed for 30 min for static collection and pre-concentration of VOCs in the 
“headspace” of both PVF chambers and glass vials. Fibers were cleaned by thermal 
desorption at 260 ◦C under a flow of clean helium prior to each sampling. 
Biogenic Volatiles from Single Berry Grape from a Cluster on the Vine 
Borosilicate glass vials were modified by removing flat bottoms of standard 2 mL 
screw top vials fitted with 9 mm PTFE/silicone lined septa (Fisher Scientific, Waltham, 
MA, USA). The edges of the modified vials were flared and rounded at a chemistry glass 
shop. A half-hole, cylindrical septa (P/N 20668, Sigma-Aldrich, St. Louis, MO, USA) was 
added to the outside of the screw top to support the SPME fiber assembly (without a manual 
holder) during sampling. The SPME fiber was placed through the septa prior to sampling. 
After assembly and placement of the vial apparatus on the individual berry (Figure 1), 5 
mL of air was pulled from the vial using a syringe. Care was taken not to disturb the SPME 
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fiber with the syringe needle. The resultant vacuum held the apparatus in place (i.e., sealed 
by suction onto the berry surface) while the SPME fiber was exposed for vacuum-assisted 
VOC sampling for 30 min. The single berry sampling vials were cleaned prior to each 
sampling by rinsing in deionized water and oven baked overnight at 107 ◦C. Cleaned vials 
were transported in an aluminum lined box. PTFE screw tops were replaced after each 
sampling. 
 
Figure 1. Biogenic volatiles were collected by solid-phase microextraction (SPME) released from grape skin. 
A glass vial was modified for vacuum-assisted SPME of volatile organic compounds (VOC)s from a single 
grape. The vacuum was created with a syringe prior to SPME, so the vial was adhering to the skin and sealing 
headspace for SPME. 
Biogenic Volatiles from Whole Grape Clusters on the Vine 
 Sampling chambers for non-destructive detection of in-vivo volatile metabolite 
were made from a rectangular sheet of PVF film, folded over itself, and heat-sealed on 
three sides (Figure 2). The PVF chambers are held open with an inner aluminum cage 
frame, allowing the chambers to be supported during sampling, and providing a 
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consistent ~5 L headspace for sampling capacity. PVF chambers are fitted with custom 
SPME sampling ports, consisting of an 11 mm polytetrafluoroethylene (PTFE) port and 
PTFE-lined silicone septa. These chambers with attached sampling ports for SPME 
insertion were preconditioned by thermal desorption before first at 107 °C for 48 h. The 
PVF chambers are cleaned prior to sampling by rinsing in deionized water and oven 
baked overnight at 107 °C. Cleaned chambers were wrapped in aluminum foil for 
transport and to minimize the risk of light-induced changes to sample integrity. 
Aluminum wire support cages were also kept in an aluminum lined box. PTFE-lined 
silicone septa were replaced after each sampling (lasting 30 min). 
 
Figure 2. Biogenic volatiles were collected with SPME using an enclosure made from a polyvinyl fluoride 
(PVF) film to temporarily envelop a whole growing cluster of grapes (left). SPME is inserted into enclosure 
via a sampling port (right). 
Volatiles Released from Crushed Grape Berries 
Berries were collected from each cultivar on the same day and time of in vivo 
sampling. Five berries were collected from clusters adjacent to the cluster tagged for in 
vivo sampling (i.e., from the same vine but a different cluster than the in vivo sampled 
berries). Collected berries were frozen prior to analysis and stored in a −20 ◦C freezer. 
Berries collected in South Dakota were also frozen and shipped on blue ice blocks 
overnight for analysis in Iowa. Frozen berries were hand-crushed in the lab, placed into 20 
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mL amber screw top vials (P/N: 16-6000, Wheaton, Millville, NJ USA) with PTFE/silicone 
septa. A CTC CombiPal (LEAP Technologies, Carrboro, NC, USA) was used for 
automated SPME sampling. Briefly, the vials were agitated and heated to 50 ◦C for 10 min, 
followed by 30 min agitated headspace sampling using a 65 μm PDMS/DVB SPME fiber. 
The fiber was thermally desorbed under a flow of helium prior to each sample exposure. 
Optimized SPME parameters (sampling time, extraction temperature) were determined, 
data not shown. 
Data Acquisition and Analysis 
A custom multidimensional GC was used (Microanalytics, a part of Volatile 
Analysis Corporation, Round Rock, TX, USA), built on a standard Agilent 6890 platform 
(Agilent Technologies, Santa Clara, CA, USA). System automation and data acquisition 
software were MultiTrax v. 6.00.1 (Microanalytics, Round Rock, TX, USA) and 
ChemStation E.01.01.335 (Agilent Technologies, Santa Clara, CA, USA). 
Chromatography was performed on two capillary columns connected in series. The use of 
conventional retention indexes (e.g., Kovats retention index) is not appropriate for 
identification in this type of column configuration. The first column was 5% phenyl 
polysilphenylene-siloxane (30 m × 0.53 mm inner diameter × 0.5 μm thickness, Trajan 
Scientific, Austin, TX, USA) with a fixed restrictor pre-column. The second polar column 
was bonded polyethylene glycol in a Sol-Gel matrix (30 m × 0.53 mm inner diameter × 0.5 
μm thickness, Trajan Scientific, Austin, TX, USA). The midpoint between the two columns 
was maintained at a constant pressure of 0.39 atm by a pneumatic switch. In this research, 
all effluent from the first column was directed into the second analytical column, that is, 
no heartcutting was performed. True multidimensional analyses were not performed (i.e., 
the system was used in full heartcut mode), meaning separation was performed on both 
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columns in series. Effluent from the second polar column was simultaneously directed to 
a single quadrupole mass spectrometer (MS) (Model 5973N, Agilent Technologies, Santa 
Clara, CA, USA) and an olfactometry (sniff) port via an open spit interface at atmospheric 
pressure. The sniff port was equipped with a purge flow controller and supplied with 
humidified air at 0.54 atm. Flow to the MS and sniff port was determined by fixed restrictor 
columns, one part to the MS and three parts to the sniff port. Olfactometry was not utilized 
in the research. The GC inlet was operated in splitless mode at 250 ◦C. GC oven parameters 
started with an initial temperature of 40 ◦C, held for 3.0 min, followed by a 7 ◦C per min 
ramp to 240 ◦C, held for 8.43 min. Total run time was 40 min. Carrier gas was ultra-high 
purity (UHP) helium (99.999%, Airgas, Des Moines, IA, USA). Temperatures of the sniff 
port and MS transfer lines were 240 ◦C and 280 ◦C, respectively. MS full scan range was 
set from 34 m/z to 350 m/z. Scans were collected in electron ionization (EI) mode with an 
ionization energy of 70 eV. MS heated zones for quadrupole and source were 150 ◦C and 
230 ◦C, respectively. Daily tuning of the MS was performed with perfluorotributylamine 
(PFTBA) before each analysis. 
Identification of compounds was performed using the Automated Mass Spectral 
Deconvolution & Identification System (AMDIS) target library search with at least 80% 
mass spectral match [8]. Target libraries included (a) the 6 libraries that are included with 
the AMDIS program, (b) an onsite library created from analysis of pure standards (200+ 
compounds), and (c) NIST11 mass spectral library. Retention times were also verified with 
pure standards.  
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User Notes  
Table S1 presented in spreadsheet format in Supplemental Materials has the same 
layout of columns and column headings as in Table 1. The data in Table S1 can be sorted 
and ordered. Nearly 4,800 rows of data are available.  
Supplementary Materials 
The following are available online at http://www.mdpi.com/2306-5729/4/1/22/s1, 
Table S1: Summary of biogenic volatiles emitted from four cold-hardy grape cultivars 
during ripening.  
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Appendix. Additional Material 
 
Figure A1. Effects of SPME sampling time and coating type on the number of detected compounds emitted 
by a Chilean table grape cluster enclosed in a gas sampling bag made from polyvinyl fluoride film. 
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Figure A2. Effects of SPME sampling time and coating type on standard deviation (STDev) of the total 
peak area counts of detected compounds emitted by a Chilean table grape cluster enclosed in a gas 
sampling bag made from polyvinyl fluoride film. 
 
Figure A3. Effects of SPME sampling time and coating type on the relative standard deviation (RSD) of 
the total peak area counts of detected compounds emitted by a Chilean table grape cluster enclosed in a gas 
sampling bag made from polyvinyl fluoride film. 
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CHAPTER 5. DETERMINATION OF SELECTED AROMAS IN MARQUETTE 
AND FRONTENAC WINE USING HEADSPACE-SPME COUPLED WITH GC-
MS AND SIMULTANEOUS OLFACTOMETRY 
Modified from a manuscript published in Separations 
Somchai Rice 1,2,3, Nanticha Lutt 4, Jacek A. Koziel 1,2,5, *, Murlidhar 
Dharmadhikari 3,5, Anne Fennell 6 
Abstract 
Understanding the aroma profile of wines made from cold-climate grapes is 
needed to help winemakers produce quality aromatic wines. The current study aimed to 
add to the very limited knowledge of aroma-imparting compounds in wines made from 
the lesser-known Frontenac and Marquette cultivars. Headspace solid-phase 
microextraction (SPME) and gas chromatography-mass spectrometry (GC-MS) with 
simultaneous olfactometry was used to identify and quantify selected, aroma-imparting 
volatile organic compounds (VOC) in wines made from grapes harvested at two sugar 
levels (22° Brix and 24° Brix). Aroma-imparting compounds were determined by aroma 
dilution analysis (ADA). Odor activity values (OAV) were also used to aid the selection 
of aroma-imparting compounds. Principal component analysis and hierarchical clustering 
analysis indicated that VOCs in wines produced from both sugar levels of Marquette 
grapes are similar to each other, and more similar to wines produced from Frontenac 
grapes harvested at 24 °Brix. Selected key aroma compounds in Frontenac and Marquette 
wines were ethyl hexanoate, ethyl isobutyrate, ethyl octanoate, and ethyl butyrate. OAVs 
>1000 were reported for 3 aroma compounds that impart fruity aromas to the wines. This 
study provides evidence that aroma profiles in Frontenac wines can be influenced by 
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timing of harvesting the berries at different Brix.  Future research should focus on 
whether this is because of berry development or accumulation of aroma precursors and 
sugar due to late summer dehydration. Simultaneous chemical and sensory analyses can 
be useful for understanding development of aroma profile perceptions for wines produced 
from cold-climate grapes.  
Keywords 
aroma dilution analysis; wine; odor activity value; principal component analysis; 
solid-phase microextraction; GC-MS-Olfactometry 
Introduction 
The grape berry undergoes significant changes during ripening, including acid 
catabolism and the accumulation of sugar, anthocyanins, flavor and aroma compounds 
[1]. Brix measurements correspond to the percent total soluble solids (TSS), i.e. sugar, in 
a given weight of grape juice. Sugar content increases throughout berry ripening and is 
often monitored as a function of maturity. Flavor and aroma compounds are complex. 
Although frequently subjected to sensory analysis, flavor and aroma compounds have 
limited objective measures specifically identifying the chemical and aroma links. Wines 
from Albillo and Muscat grape varieties (V. vinifera) have been shown to exhibit more 
‘fruity’ aromas and less ‘vegetal’ and ‘floral’ aromas at higher Brix during harvest [2]. 
Isobutyl methoxypyrazine, C6 alcohols, and hexyl acetate were shown to decrease in 
wine as Cabernet Sauvignon (V. vinifera) grape maturity developed [3]. The research by 
Bindon et al. [3] also demonstrated how higher sugar levels led to higher levels of 
volatile esters, dimethyl sulfide, and glycerol. Many studies have investigated the aroma 
profile of wines [4-7], with only a few that are focused on cold-hardy grapes V. labrusca 
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[8] or hybrids of V. vinifera, V. labrusca, and V. riparia [9-10]. In addition to TSS, pH 
and titratable acidity of the grapes is monitored before harvest.  
Some varieties of wine have a distinct varietal aroma, and these can be attributed 
to a few compounds. Examples include 2-methoxy-3-isobutyl pyrazine (a green bell 
pepper aroma) reported in Sauvignon blanc [11] or 4-vinylguaiacol (spicy, clove aromas) 
found in Gewurztraminer [12]. Some varieties such as Chardonnay or Seyval do not have 
characteristic aromas originating from one or two specific compounds [13-14]. 
Understanding the volatile organic compounds (VOCs) that can contribute to the overall 
aroma profile of wine is important in making high quality, aromatic wines. 
Use of solid-phase microextraction (SPME) and GC-MS is common for 
characterization of VOCs and other compounds in wine [15-16] and food grade alcohols 
[17-18]. VOC partitioning into headspace is suppressed with increasing concentration of 
ethanol in wine samples; ethanol influenced matrix-VOC partitioning more than glucose 
levels [19], possibly affecting SPME extraction efficiency of flavor and aroma 
compounds. SPME is an equilibrium extraction method and if extraction conditions such 
as extraction temperature, agitation, sampling time can be controlled in the laboratory 
quantitation using SPME is possible [20]. A previously developed method, optimizing 
the efficiency of SPME [21], is used in this research. 
Aroma dilution analysis (ADA) is helpful in determining the major contributor to 
the aroma profile of the wine. ADA has been used to evaluate aroma character of Pinot 
noir grapes [7], Carmenere red wine [22], and Grenache rose wines [23]. It is difficult to 
dilute extracts while using SPME, so an ADA approach using successive sample 
dilutions of wine has been demonstrated [24]. Use of SPME in place of ADA has an 
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advantage of speed due to eliminating sample preparation steps. Perceived aroma is not 
only based on its chemical concentration. Another consideration is the odor detection 
threshold of a compound (ODT), or the lowest concentration (mass/volume) needed for 
detection by a human nose [25]. It is critical to recognize that any odor threshold found is 
valid only at the conditions the test was run. For example, the odor compound will have a 
different threshold in water, air, and wine and is influenced by environmental conditions 
during the test. Odor activity value (OAV) is the ratio of the concentration of a compound 
to its odor detection threshold (ODT), and has been previously discussed [26-29]. It is 
important to recognize that for the same compound, odor threshold and taste threshold 
usually have very different values. Recognition thresholds and difference detection 
thresholds are also used in sensory evaluation of wines, but only ODT is considered in 
this research. 
Frontenac (UMN 89 x Landot 4511) was introduced in 1996 and Marquette (MN 
1094 x Ravat 262) was introduced in 2006 by University of Minnesota. These cold-
climate cultivars are of importance because Marquette parentage includes Pinot Noir 
(grandparent), Cabernet Sauvignon and Merlot (great-great grandparents), Cabernet 
Franc, and Sauvignon Blanc [30]. Similar aroma profiles are expected between Marquette 
and Frontenac wines because the cultivars share 25% parentage from Landot Noir [31-
32]. Evaluating the total aroma compounds present in headspace of Frontenac and 
Marquette wines is important to identify potential varietal aroma character. This 
information can then be used to compare the aroma of Frontenac and Marquette wines to 
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the more recognizable vinifera wines (Figure 1).
 
Figure 1. Pedigree of Frontenac and Marquette cultivars. Parentage of Marquette includes Pinot Noir, 
Cabernet Sauvignon, Merlot, Cabernet Franc, and Sauvignon Blanc. Marquette and Frontenac share common 
parentage (about 70%). This figure is adapted from pedigree maps from Chateau Stripmine [31-32]. 
The objectives of this study were to: 1) determine the relative concentrations of 
VOCs in the headspace of Marquette and Frontenac wines to an internal standard, 2) 
perform ADA on the wine samples to characterize the most odorous compounds 3) 
calculate OAV of key aroma compounds. Effects of increased berry ‘hang time’, i.e., the 
time allowed to remain on the vine before harvest, on wine aroma will help enologists use 
viticultural practices to enhance desired winemaking styles. 
Materials and Methods  
Samples, Standards, and Matrix Blank 
Marquette and Frontenac grapes from the 2014 growing season were harvested at 
22 and 24° Brix at South Dakota State University (Brookings, South Dakota – 44.3114° 
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N, 93.7984° W). The vineyard was part of an NE1020 evaluation trial was a randomized 
complete block design.  There were four replicates for each cultivar (1 replicate per block 
with six vines in each replicate).  Vines were grown as high cordon in standard NE1020 
viticulture protocol. Three clusters were taken from each vine weekly to monitor brix and 
for other sample aliquots. All berries were removed from clusters and aliquots were taken 
from the pool of berries for each replicate.  Marquette at 22° brix was harvested on 9/9/13 
and 24° Brix on 9/21/13. Frontenac at 22° brix was harvested on 9/13/13 and 24° Brix on 
9/21/13.  
A single batch of red wine was made from each harvest time point using the same 
winemaking protocol. Briefly, 5 gallon fermentations were used for each fermentation, 3 
vines from each replicate (12 vines total). Single fermentations were used as the fruit is 
from the NE1020 coordinated evaluation trial, not a commercial grower. 
Wines were produced according to a standard lab protocol at Tucker’s Walk 
(Vineyard and Winery, Garretson, SD). Red grapes were mechanically 
crushed/destemmed, treated with SO2 to 25 ppm, and the must inoculated with Pasteur 
Red (Red star) yeast for fermentation on the skins at 70° F (21.1° C). After 5 days, must 
was dejuiced and fermentation continued in glass carboys at 70° F (21.1 °C) until dry. 
Malolactic culture was added during the last third of the alcoholic fermentation, as 
determined by sugar content. 
This wine was shipped to Iowa State University (Ames, IA) for chemical and 
sensory analysis. Wine samples were aliquoted into 40 mL, pre-cleaned, glass amber 
vials with a PTFE lined screw cap. These vials were purged with helium to prevent 
oxidation of the wine samples and stored in a refrigerator before analysis. 
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A 5 mg/mL potassium bitartrate in 12.5% ethanol, pH 3.3 model wine was 
prepared by dissolving 5 g of potassium bitartrate (Fischer Scientific, Waltham, MA) in 
120 mL absolute ethanol (Fischer Scientific, Waltham, MA) and q.s. to 1000 mL with 
deionized water in a 1000 mL volumetric flask. The solution was stirred for 10 min at 
room temperature, then filtered to remove any solids. The pH was adjusted with a 3.3 N 
hydrogen chloride. This model wine was used for all successive dilutions of wine 
samples and verified with the analytical method to be a suitable aroma and matrix blank. 
For analysis of the undiluted sample, 4 mL of wine was pipetted into a cleaned 10 
mL glass amber vial with metal screw top lid fitted with a PTFE-lined septum. The 10 
mL vial also contained 2 g of sodium chloride, CAS 7440-23-5 (Sigma-Aldrich, St. 
Louis, MO, USA). 3-nonanone (99%), CAS 925-78-0 (Sigma-Aldrich, St. Louis, MO, 
USA), was used as an internal standard (IS) for semi-quantification of aroma compounds. 
The final concentration of IS in wine (0.205 mg/L) was achieved by adding 10 µL of an 
81.9 mg/L IS in ethanol (w/v) to each 4 mL of wine. Triplicate samples were analyzed. 
Aroma Dilution Analysis 
A simple ADA was performed by analyzing successive dilutions of the wine 
sample, until the odor response from each compound or chromatographic column elution 
time region of interest was no longer noted at the olfactory detector. The odor dilution 
(OD) was assigned to the value of the sample dilution that results in odor extinction (i.e., 
not detected) at the olfactory detector (sniff port of GC). The higher the OD, the more 
significant that compound was in the overall aroma profile of the sample. Triplicate 
samples were analyzed, by a single trained panelist.  Table 1 outlines dilution factors and 
weighting factors used in this research. 
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Table 1. Dilution and weighting factors of successive wine sample dilutions used in HS-SPME MDG-MS-
O aroma dilution analysis. 
Dilution 
Factor 
Weighting 
Factor 
Sample 
volume (mL) 
Model wine 
volume (mL) 
Total volume 
(mL) 
0 1.000 4.000 0.000 4 
2 0.500 2.000 2.000 4 
4 0.250 1.000 3.000 4 
8 0.125 0.500 3.500 4 
16 0.063 0.250 3.750 4 
32 0.031 0.125 3.875 4 
 
Automated GC-MS-Olfactometry System 
A CTC CombiPal™ autosampler with a heated agitator (LEAP Technologies, 
Inc., Carrboro, NC, USA) was used during the entire experiment. The optimized 
sampling parameters are described elsewhere [18]. Briefly, a 1 cm 50/30 µm 
divinylbenzene (DVB)/carboxen (CAR)/polydimethylsiloxane (PDMS) SPME was used 
for headspace sampling. Extraction time was 10 min at 50°C, after 10 min incubation at 
50° C. Agitation speed was 500 rpm. The fiber was thermally desorbed in a 260° C GC 
inlet for 2 min before exposure in sample headspace. Analytes were desorbed into the GC 
inlet for 2 min at 260° C.  
The analysis was performed on a 6890N GC/5973Network mass spectrometer 
(Agilent Technologies, Santa Clara, CA, USA). The instrument allowed for heartcutting 
with a Dean’s switch, cryogenic focusing, and was equipped with a FID and an 
olfactometry port. The GC contains two columns connected in series. The first non-polar 
column was a BPX-5 stationary phase with dimensions 30 m length x 0.53 mm ID x 0.5 
μm film thickness (SGE, Austin, TX, USA). The second polar column was SOLGEL-
Wax stationary phase with dimensions of 30 m length x 0.53 mm ID x 0.5 μm film 
thickness (SGE, Austin, TX, USA). A constant pressure of 5.7 psi was maintained at the 
midpoint between the first and second column using MultiTrax™ V.10.1 (MOCON, 
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Round Rock, TX, USA) system automation and MSD ChemStation™ D.02.02.275 data 
acquisition software (Agilent, Santa Clara, CA, USA). Additional analysis was done 
using MassHunter Workstation (Agilent, Santa Clara, CA, USA) with NIST11 mass 
spectral database and BenchTop/PBM with Wiley Registry of mass spectral data, 7th 
edition (Palisade Corporation, New York, NY, USA). Flow from the analytical column 
was directed to the single quadrupole mass selective detector and the olfactometry port in 
an open-split interface via fixed restrictor tubing. 
For this research, full heartcut was utilized from 0.05 – 35.00 min. An advantage 
of using two-dimensional gas-chromatography is that separation is based on different and 
independent physico-chemical interactions (i.e. boiling point on the first column vs. 
polarity on the second column) for the entire chromatographic run. This serves as a fast 
screening method for VOCs, and can help select target VOCs for subsequent analysis. 
Sample flow was first directed through the non-polar column, then immediately to the 
polar column, therefore known retention indices for either column phase was used for 
identification. The following instrument parameters were used: injector, 260 °C; column, 
40 °C initial, 3.0 min hold, 7°C/min ramp, 220 °C final, 11.29 min hold; carrier gas, UHP 
helium (99.999%) with combination oxygen and moisture in-line gas trap. The mass 
detector was operated in electron ionization (EI) mode with an ionization energy of 70 
eV. The mass detector ion source and quadrupole were held at 230 °C and 150 °C, 
respectively. Full spectrum scans were collected with the mass filter set from m/z 33 to 
m/z 450. The MS was auto-tuned daily before analysis. Use of full scan for data 
acquisition allowed for library search techniques using NIST11, and Wiley 6th edition 
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mass spectral databases, and AMDIS with the accompanying food and flavor targeted 
mass spectral library. 
Olfactometry data was generated using AromaTrax™ V.10.1 software (MOCON, 
Round Rock, TX, USA). Recorded parameters included an aroma descriptor (‘note’) and 
perceived intensity. The area under the peak of each aroma note in the aromagram is 
calculated as width x intensity x 100, where the width is the length of time (min) that the 
aroma persisted, in minutes. ADA was performed by analyzing successive dilutions of 
the same sample on the AromaTrax system V 10.1 (MOCON, Round Rock, TX, USA). 
The results files created have information about each aroma note such as elution time, 
intensity, and aroma descriptors. This information was combined into an ADA 
aromagram using a dilution and intensity weighting model. In this model, each peak in 
the results files that match a peak in the master file (Dilution Factor 0 – Neat) is added to 
the ADA file based upon the intensity, multiplied by the dilution factor. For example, for 
a peak found in all 5 dilutions with intensities 90, 75, 45, 35, 5 and dilution factors of 1/2, 
1/4, 1/8, 1/16, 1/32, the final intensity would be: (90 * 0.5) + (75 * 0.25) + (45 * 0.125) + 
(35 * 0.063) + (5 * 0.031) = 72. These values were then plotted in an analog manner, 
with % full-scale intensity vs. time. 
Results 
Semi-Quantitative Analysis of Volatiles in Wine  
Ethanol was present in all samples, including the matrix blank (model wine). The 
chromatographic peak at RT 3.9 min is ethanol in all total ion chromatograms (TIC). 
Since ethanol is present in all samples, it is not included in the further discussion. The 
signal-to-noise ratio of total ion chromatograms of ≥ 10 was considered acceptable. 
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Percent spectral match of sample spectra to library spectra was acceptable at 65% or 
higher. 
58 unique VOCs are detected in the headspace of Marquette and Frontenac wines 
produced from grapes harvested at 22 and 24° Brix (Table 2). Compounds including 
isoamyl alcohol, ethyl octanoate, 2,4-di-tert-butylphenol, ethyl acetate, ethyl hexanoate, 
ethyl decanoate, isocyanatomethane, and ethyl lactate are present in wine samples at 
higher concentrations relative to 0.205 ppm of 3-nonanone IS and assuming equal 
detector response for all analytes. A full summary of retention times, published aroma 
descriptors, and relative concentrations of these 58 analytes detected in all samples are 
given in Supplementary Material, Table S1. 
Table 2. Compounds identified in the headspace of Marquette and Frontenac wines using AMDIS and a lab 
developed mass spectral library. 
No. Compound Relative Retention Index 1 
1 Acetaldehyde 0.18 
2 Methyl acetate 0.22 
3 2-nitropropane 0.22 
4 Isobutyraldehyde 0.22 
5 Ethanol 0.25 
6 Ethyl acetate 0.27 
7 Acetic acid ethenyl ester 0.30 
8 Methylbutanal 0.31 
9 1,1-dimethyl-hydrazine 0.33 
10 n-Propyl acetate 0.38 
11 Isobutanol 0.39 
12 Ethyl isobutyrate 0.42 
13 1-butanol 0.46 
14 Isobutyl acetate 0.46 
15 Ethyl butyrate 0.51 
16 Isoamyl alcohol 0.54 
17 3-methylpentane 0.55 
18 Isocyanatomethane 0.55 
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Table 2 continued 
 
No. Compound Relative Retention Index 1 
19 Ethyl methylbutyrate 0.58 
20 Ethyl 3-methylbutanoate 0.59 
21 Isoamyl acetate 0.65 
22 Ethyl lactate 0.72 
23 Styrene 0.73 
24 1-hexanol 0.76 
25 Acetic acid 0.79 
26 1,2-dimethyl hydrazine 0.79 
27 Ethyl hexanoate 0.85 
28 1-Heptanol 0.92 
29 2,3,4-trimethylpentane 0.94 
30 Isoamyl butyrate 0.94 
31 Undecane 0.97 
32 Benzaldehyde 0.97 
33 3-Nonanone (IS) 1.00 
34 Methyl octanoate 1.06 
35 1-Octanol 1.06 
36 Octyl formate 1.06 
37 Linalool 1.08 
38 Phenylethanal 1.11 
39 Ethyl octanoate 1.16 
40 1-Nonanol 1.20 
41 Pentanoic acid 1.25 
42 Propyl octanoate 1.28 
43 Ethyl nonanoate 1.30 
44 Methyl salicylate 1.30 
45 Methyl acetylsalicylate 1.30 
46 Phenylethyl alcohol 1.34 
47 Phenethyl isobutyrate 1.37 
48 Phenethyl phenyl acetate 1.37 
49 Ethyl decanoate 1.42 
50 Octanoic Acid 1.47 
51 β-damascenone 1.47 
52 Isoamyl octanoate 1.49 
53 Ethyl laurate 1.66 
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Table 2 continued 
 
No. Compound Relative Retention Index 1 
54 2,4-di-tert-butylphenol 1.76 
55 Diethyl phthalate 1.85 
56 Ethyl tetradecanoate 1.89 
57 Ethyl hexadecanoate 2.14 
58 Dibutyl phthalate 2.37 
1 Relative retention index is the ratio of the compound retention time to the retention time 
of the internal standard 3-nonanone, in minutes. 
 
Principal component analysis (PCA) was performed on the 58 VOCs found in all 
wine samples (Figure 2). Please refer to Table 2 for compound identification. Wine 
produced from Frontenac berries harvested at 22° Brix (F22-1, F22-2, and F22-3) is 
associated with higher levels of 1-octanol (compound 35), ethyl laurate (compound 53), 
methylbutanal (compound 8), undecane (compound 31), and ethyl tetradecanoate 
(compound 56). Wine produced from Frontenac berries harvested at 24°Brix (F24-1, 
F24-2, and F24-3) is associated with higher levels of ethyl isobutyrate, ethyl-3-
methylbutanoate, ethyl lactate, and 1-hexanol. Wine produced from Marquette berries 
harvested at 22 °Brix (M22-1, M22-2, M22-3) is associated with higher levels of 
acetaldehyde, ethyl butyrate, 1-hexanol, isoamyl butyrate, and 1-nonanal. Wine produced 
from Marquette berries harvested at 24 °Brix (M24-1, M24-2, M24-3) is associated with 
higher levels of ethyl hexanoate, propyl octanoate, and isobutyl acetate. 
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Figure 2. Results of a PCA on wines produced from Frontenac and Marquette berries harvested at 24 
and 24° Brix. This biplot shows both the relationships of the wines to each other and the associations 
among the VOCs detected in the headspace. Vector arrows of the VOCs are not shown but can be 
assumed to originating from the origin and ending at the numbered markers.  The numbered markers 
indicate the compound identified and are listed in Table 2. An example of sample naming convention 
is F22-1 used to represent wines produced from Frontenac berries, harvested at 22 °Brix, analysis 
replicate 1. 
 
A hierarchical cluster analysis was performed to identify the grouping of wine 
samples based on the degree of similarity in aroma compounds in headspace, and the 
constellation plot is shown in Figure 3. The cluster containing wine made from 
Frontenac berries harvested a 22 °Brix is the most dissimilar to the other clusters 
representing the rest of the wines. 
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Figure 3. A constellation plot showing similarities in aroma compounds in Marquette and Frontenac wines 
produced from berries harvested at 22 and 24 °Brix.  The wine samples are arranged as endpoints and each 
cluster joins as a new point, with lines drawn representing membership.  The longer the line, the greater the 
difference. 
Aroma Dilution Analysis 
Results of the full scan total ion chromatogram (TIC) for each 4 mL sample of 
wine was overlaid with the panelist generated aromagram (Supplementary Material: 
Figure S1- Figure S4). Olfactometry results including aroma descriptors, intensity, GC 
column retention time, and aroma event (‘peak’) areas were collected simultaneously 
with chemical analysis (Tables S1, S2, S3 and S4). There were 15, 6, 7, and 7 aroma 
notes found in wines made from 22° Brix Frontenac, 24° Brix Frontenac, 22° Brix 
Marquette, and 24° Brix Marquette, respectively. These results were used as the master 
results to compare aromas from the diluted samples.  
Each wine sample was diluted and analyzed again with the same methodology 
using dilution factors of 2, 4, 8, 16, and 32. The OD of each aroma event (detection) 
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corresponds to the dilution of the wine in which the event was no longer present (not 
detected). The compound with the highest OD was contributing significantly more to the 
total aroma profile of the wine. After weighing the aroma notes by the dilution factor and 
intensities, these new values were shown in an ADA plot. 
Marquette wine made from grapes harvested at 22° Brix had 14 aroma notes 
(excluding ethanol at 3.9 min) in the undiluted sample. After ADA (Figure 4), two 
events were calculated and identified as the most impactful to the total aroma profile of 
the wine: 1) 13.3 min; OD 8, 2) 6.6 min, OD 2. The event at 3.9 min is ethanol, present in 
all samples, and therefore not included in the further discussion. These two aroma events 
corresponded to retention times of compounds simultaneously identified by mass 
spectrometer: 1) ethyl hexanoate, and 2) ethyl isobutyrate. 
 
Figure 4. Aroma dilution analysis plot of wine made from Marquette grapes harvested at 22° Brix.  The 
compound most impactful in the total aroma of this sample occurred at 13.3 min (light blue bar), assigned 
odor dilution number 8, and simultaneously identified using a mass spectrometer as ethyl hexanoate. 
Marquette wine made from grapes harvested at 24° Brix had 5 aroma notes 
(excluding ethanol at 3.9 min) in the undiluted sample. After ADA (Figure 5), 2 events 
were calculated to be most impactful to the total aroma profile of the wine: 1) 22.0 min; 
OD 8 and 2) 8.3 min; OD 2. These 2 aroma events correspond to retention times of 
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compounds simultaneously identified by mass spectrometer: 1) ethyl decanoate and 2) 
ethyl butyrate. 
 
Figure 5. Aroma dilution analysis plot of wine made from Marquette grapes harvested at 24° Brix. The 
compounds most impactful in the total aroma of this sample occurred at (1) 22.0 min, assigned odor dilution 
number 8, and (2) 8.3 min, assigned odor dilution number 2 while simultaneously identified using a mass 
spectrometer as 1) ethyl decanoate and 2) ethyl butyrate. 
Frontenac wine made from grapes harvested at 22° Brix had 6 aroma notes 
(excluding ethanol at 3.9 min) in the undiluted sample. After ADA (Figure 6), 2 events 
were calculated to be most impactful to the total aroma profile of the wine: 1) 13.3 min; 
OD 16 and 2) 18.0 min; OD 16. These 2 aroma events correspond to retention times of 
compounds simultaneously identified by mass spectrometer: 1) ethyl hexanoate and 2) 
ethyl octanoate. 
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Figure 6. Aroma dilution analysis plot of wine made from Frontenac grapes harvested at 22° Brix.  The 
compounds most impactful in the total aroma of this sample occurred at 1) 13.3 min, assigned odor dilution 
number 16, and 2) 18.0 min, assigned odor dilution number 16 while simultaneously identified using a mass 
spectrometer as 1) ethyl hexanoate and 2) ethyl octanoate. 
Frontenac wine made from grapes harvested at 24° Brix had 6 aroma notes 
(excluding ethanol at 3.9 min) in the undiluted sample. After ADA (Figure 7), 4 events 
were calculated to be most impactful to the total aroma profile of the wine: 1) 18.0 min; 
OD 8, 2) 22.3 min; OD 8, 3) 8.6 min; OD 4, and 4) 6.3 min; OD 4. These 4 aroma events 
correspond to retention times of compounds simultaneously identified by mass 
spectrometer: 1) ethyl octanoate, 2) ethyl decanoate, 3) 1-pentanol, and 4) ethyl 
isobutyrate. Ethyl butyrate was also present but not discussed because OD = 1 for this 
event. The aroma event at 13.0 min also had an OD = 1 and was not detected by the mass 
spectrometer. It is possible that not enough mass of analyte was directed to the mass 
spectrometer at retention time 13.0 min, via the open-split interface to sniff port, and 
therefore did not generate a chemical signal. It is likely that this compound has a very 
low ODT, and the human nose was a better detector for this compound. 
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Figure 7. Aroma dilution analysis plot of wine made from Frontenac grapes harvested at 24° Brix.  The 
compounds most impactful in the total aroma of this sample occurred at 1) 18.0 min, assigned odor dilution 
number 8, 2) 22.3 min, assigned odor dilution number 8, 3) 8.6 min, assigned odor dilution number 4, and 4) 
6.3 min, assigned odor dilution number 4 while simultaneously identified using a mass spectrometer as 1) 
ethyl octanoate, 2) ethyl decanoate, 3) 1-pentanol, and 4) ethyl isobutyrate.. 
Five compounds are identified as key aromas in Marquette and Frontenac wine 
samples from ADA. These compounds are ethyl butyrate, ethyl decanoate, ethyl 
hexanoate, ethyl isobutyrate, and ethyl hexanoate. Concentrations of the five compounds 
in wine samples are calculated by external calibration. Quantitation range and 
coefficients of determination (R2) from the linear model are given in Table 3. Ethyl 
butyrate and ethyl decanoate concentrations are lower than the quantitation limit for this 
method. Calculated concentrations of ethyl hexanoate, ethyl isobutyrate, and ethyl 
octanoate in Frontenac and Marquette wines produced from berries harvested at 22 and 
24 ° Brix are summarized in Figure 8. Generally, these compounds have decreased 
concentrations in the headspace of wine samples as sugar content of the grapes at harvest 
increased. Marquette wines had higher concentrations of ethyl hexanoate (9.5 and 1.3 
ppm), ethyl isobutyrate (0.7 and 0.5 ppm), and ethyl octanoate (41.9 and 17.9 ppm). 
Analyte concentrations in Frontenac wines were 1.3 ppm (not detected in wine produced 
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from 24 °Brix) of ethyl hexanoate, 0.5 ppm of ethyl isobutyrate, and 21.5 and 15.6 ppm 
of ethyl octanoate. 
Table 3. Quantitation range and linear coefficients of determination for 5 key aroma compounds in wine. 
Compound Quantitation Range (ppm) R2 
Ethyl hexanoate 2.89 x 10-02 - 1.16 x 10-02 0.998 
Ethyl isobutyrate 2.86 x 10-02 - 1.15 x 10-02 0.999 
Ethyl octanoate 2.88 x 10-02 - 1.15 x 10-02 0.998 
Ethyl decanoate 2.79 x 10-02 - 1.12 x 10-02 0.997 
Ethyl butyrate 2.93 x 10-02 - 1.17 x 10-02 0.9989 
 
 
Figure 8. Concentrations of target analytes in headspace of Marquette and Frontenac wines made from 
berries harvested at 22 and 24 °Brix.  A 5-point external calibration was performed using standards spiked 
into model wine.  Data represents the mean of replicate analysis (n=3) of each wine produced.  F22 represents 
Frontenac wine produced from berries harvested at 22 °Brix, F24 represents Frontenac wine produced from 
berries harvested at 24 °Brix, etc. 
Calculation of OAV 
The OAV of the 3 quantified compounds are calculated from published odor 
detection thresholds and are reported as >1000 (Figure 9). The key aroma compounds 
impart fruity characters to the wines as determined by a single human panelist. The 
dominant aroma compound in all wine samples of this study is ethyl isobutyrate (OAV 
>50000), and imparts a fruity aroma. 
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Figure 9. Odor (aroma) activity values of target analytes in headspace of Marquette and Frontenac wines 
made from berries harvested at 22 and 24°Brix.  Odor detection thresholds for each analyte in water (and 
wine when available) from Leffingwell and Associates [33] were used to calculate OAV.  OAV is the ratio 
of analyte concentration to its odor detection threshold.  Ethyl octanoate is the dominate aroma compound 
present in headspace of Marquette and Frontenac wine samples (excluding alcohol), followed by ethyl 
hexanoate and ethyl octanoate.  These compounds impart fruity aromas to the wine samples. 
Discussion and Conclusions 
In this research, headspace sampling using SPME, GCMS and simultaneous 
olfactometry was used to investigate the key volatile aroma compounds in Frontenac and 
Marquette wines harvested at two maturity time points.  ADA was performed to 
determine the key compounds present in these wine samples and detected by human nose. 
58 VOCs were detected in headspace of wines made from Frontenac and Marquette 
grapes harvested at 22 and 24° Brix by GCMS, excluding ethanol and IS. In this study, 
the use of an internal standard was used to estimate relative chromatographic retention 
time and relative concentrations, assuming equal response factor across all analytes. A 
range of VOCs was detected by mass spectrometry including 9 alcohols, 5 aldehydes, 5 
alkanes, 29 esters, 2 each of ketones, nitrogenous compounds, phenolic compounds and 
others.  Yeast metabolism produces important wine volatiles such as higher alcohols, 
fatty acids, esters, and aldehydes.  The reported results correspond to expected VOCs 
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with the exception of diethy phthalate and dibutyl phthalate. Phalates in the wine could 
be an issue of contamination from packaging [34]. 
Marquette wines made from grapes harvested at 22° Brix had 9 more aroma notes 
than grapes harvested at 24° Brix. The most impactful compounds as determined by 
ADA were ethyl hexanoate and ethyl isobutyrate (both from 22° Brix grapes); ethyl 
decanoate and ethyl butyrate, both from 24° Brix grapes. Published aroma descriptors for 
ethyl hexanoate are apple peel and fruit, sweet and rubber for ethyl isobutyrate, grape for 
ethyl decanoate, and apple for ethyl butyrate [35].  Frontenac wines made from both 
harvest points had 6 aroma notes each. The most impactful compounds as determined by 
ADA were ethyl hexanoate and ethyl octanoate (both from 22° Brix grapes); ethyl 
octanoate, ethyl decanoate, 1-pentanol, and ethyl isobutyrate from 24° Brix grapes.  
Published aroma descriptors for ethyl octanoate are fruit and fat, balsamic for 1-pentanol 
[35]. An external calibration was used to quantify ethyl hexanoate, ethyl isobutyrate, and 
ethyl octanoate, and OAVs were calculated. The most impactful aroma compound with 
calculated OAV > 50000 was ethyl isobutyrate contributes a fruity aroma. 
A previous study reported β-damascenone, phenylethyl alcohol, acetic acid, 
linalool, and ethyl hexanoate quantified in Frontenac and Marquette grapes from veraison 
to harvest [9]. The compound ethyl hexanoate, responsible for fruity aromas increased in 
berry juice with increased growing degree days and differed by location in Pednault et al., 
2013 [9]. In the wines in this study no difference was found in ethyl hexanoate; however, 
these were taken from fruit with a greater level of ripening. However, β-damascenone, 
phenylethyl alcohol, acetic acid, and linalool are present in the wines from this study. 
Metabolic action of yeasts an influence wine aroma; specifically, precursors bound to 
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glycosides or by decarboxylation of hydroxycinnamic acids to the equivalent 
vinylphenols [1]. Another study on Frontenac wine aroma reports 15 VOCs using a stir 
bar coated with PDMS [36]; 13 of these compounds were also detected in this study 
using headspace DVB/Carboxen/PDMS SPME. Similar VOCs detected were (from Table 
2) compound numbers 12, 16, 19, 21, 22, 24, 27, 37, 39, 44, 46, 49, and 50. The 
optimized headspace SPME method yielded more compounds detected when compared 
to PDMS stir bar coated sample preparation method. In a previous study of commercial 
Frontenac wines, using a trained panel, aroma descriptors of the most impactful 
characters were black currant, cherry, and cooked vegetable [37]. These aromas 
correspond to methoxymethylbutanethiol or mercaptomethylpentanone (black currant) 
[35], acrolein, butyrophenone, or cyclohexyl cinnamate (cherry) [38]. Other significant 
aromas in the sensory study included black berry, jammy, cooked vegetable, fresh green, 
cedar, floral, geranium, tamari, and earthy [37]. There is not a consensus on the 
mechanism for explaining olfactory perception. Mixtures of odorants, even at 
concentrations below the detection thresholds, act in a synergistic manner [39]. This 
might be the key to understanding wine aroma, where hundreds of compounds are 
present. 
A limitation to this study is the small sample size. Only one 5-gallon vinification 
could be completed per treatment (22° Brix and 24° Brix) because only 12 vines were 
available. PCA analysis, in this study, only accounted for 48% of the variance between 
vinifications and is more reflective of the analytical method. More replications, repeated 
over several years would yield more data to draw direct conclusions about the aroma of 
Frontenac and Marquette wines. The olfactometry portions of this study allows for a 
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single panelist at a time. The use of more panelists, n > 10, could help account for 
variation within wine consumers due to age, sex, recognition and detection thresholds, 
etc.   
This research adds to the growing body of knowledge about lesser-known wines 
from cold-hardy grapes grown in Midwest U.S. states. More research is needed to 
understand the aroma potential of these new cold-hardy grapes in order to produce 
quality wines that can stand on the same stage as traditional old world wines. New cold-
hardy grape cultivars that are complex hybrids of Vitis vinifera and native Vitis riparia 
have created a cold climate wine industry in North America. Frontenac and Marquette are 
vigorous, disease resistant and can grow sustainably in regions with low winter 
temperatures [30]. While there is significant information available for the aroma of V. 
vinifera wines, very little is known about the aroma profile of wines from cold-hardy 
grapes. Research is warranted to identify potential signature aromas in these new hybrid 
varieties as this information can advance viticultural practices, improve marketing and 
bolster the local economies of cold climate vineyards and wineries.  
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CHAPTER 6. EFFECTS OF HARVEST TIME ON THE AROMA OF WHITE 
WINES MADE FROM COLD-HARDY BRIANNA AND FRONTENAC GRIS 
GRAPES USING HEADSPACE SOLID-PHASE MICROEXTRACTION AND GAS 
CHROMATOGRAPHY-MASS SPECTROMETRY 
Modified from a manuscript published in Foods 
Somchai Rice1,2,3, Madina Tursumbayeva3, Matthew Clark4, David Greenlee5, 
Murlidhar Dharmadhikari1, and Jacek A. Koziel3,* 
Abstract 
The Midwest wine industry has shown a marked increase in growers, hectares 
planted, wineries, and wine production. This growth coincides with the release of cold-hardy 
cultivars such as Brianna and Frontenac gris, in 2001 and 2003, respectively. These white 
grape varieties account for one-third of the total area grown in the state of Iowa. It is 
generally accepted that the wine aroma profile plays a crucial role in developing a local, 
sustainable brand. However, the identity of Brianna/Frontenac Gris-based wine aromas and 
their link to the grape berry chemistry at harvest is unknown. This study aims to preliminarily 
characterize key odor-active compounds that can influence the aroma profile in wines made 
from Brianna and Frontenac gris grapes harvested at different stages of ripening. Brianna and 
Frontenac gris grapes were harvested approximately 7 days apart, starting at 15.4 °Brix (3.09 
pH) and 19.5 °Brix (3.00 pH), respectively. Small batch fermentations were made for each 
time point with all juices adjusted to the same °Brix prior to fermentation. Odor-active 
compounds were extracted from wine headspace using solid-phase microextraction (SPME)
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 and analyzed by gas chromatography-mass spectrometry (GC-MS) and simultaneous 
olfactometry (O). Over 30 odor-active compounds were detected. Aromas in Brianna wines 
developed from “cotton candy” and “floral”, to “banana” and “butterscotch”, then finally to 
“honey”, “caramel” and an unknown neutral aroma. Frontenac gris wines changed from an 
unknown neutral aroma to “fruity” and “rose”. Results from the lay audiences’ flavor and 
aroma descriptors also indicate a shift with harvest date and associated °Brix. To date, this is 
the first report of wine aromas from Brianna and Frontenac gris by GC-MS-O. Findings from 
this research support the hypothesis that aroma profiles of Brianna and Frontenac gris wines 
can be influenced by harvesting the grapes at different stages of ripening. 
Keywords 
Frontenac gris; Brianna; wine aroma; SPME-GC-MS; olfactometry; cold-hardy grapes 
Introduction 
The business of grapes and wine generated over $7.5 billion U.S. dollars (USD) in the 
upper Midwestern states of Iowa, Illinois, Michigan, Minnesota, North Dakota, South 
Dakota, and Wisconsin in 2017 [1]. This included the direct economic impact from vineyard 
and winery activities as well as tourism, resulting in over 110,000 jobs and over $3 billion in 
wages (Table 1). 
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Table 1. Economic impact of the U.S. Midwest (cold climate) wine industry [1] 
State Economic 
Impact 1 
Jobs Wages 1 Vineyard 
Activity 1 
Winery 
Activity 1 
Tourism 1 Other 1,2 
North 
Dakota $135 2340 $57.3 $0.00680 $7.09 $0.245 $127 
South 
Dakota $180 2690 $62.4 $0.0719 $25.7 $1.69 $153 
Iowa $573 8760 $197 $1.10 $110 $29.0 $433 
Minnesota $979 15,400 $408 $1.22 $83.5 $21.3 $873 
Wisconsin $1320 20,700 $519 $1.12 $146 $39.7 $1130 
Michigan $1890 25,800 $710 $7.77 $325 $149 $1410 
Illinois $2480 34,800 $1060 $1.82 $247 $222 $2010 
Totals $7550 11,000
0 
$3010 $13.1 $944 $463 $6130 
1 Millions of U.S. Dollars (USD); 2 includes wholesale, retail, associations, research, and education. 
In Iowa, the number of grape growers, vineyards of grapes, wineries, and wine 
production has increased in the last two decades (Figure 1 and Figure 2) [2]. In a report by 
Tuck and Gartner in 2014, 100 hectares of grapes planted in Iowa were of the cold-hardy 
white varieties [3]. These numbers were extrapolated from self-reported surveys to determine 
the baseline of activity involving cold-hardy grape varieties. Of this estimated 100 hectares, 
27% of the plantings were Frontenac gris and Brianna varieties. 
 
Figure 1. The increase in hectares of wine grapes and the number of growers in Iowa [2]. 
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Figure 2. The increase in wine production (hectoliters) and a number of wineries in Iowa [2]. 
There is continuous interest in understanding the chemical origin of grape aromas. 
Our working hypothesis is that this information could help growers and winemakers to 
determine a more targeted harvest date, based on the desired aromas. It also would allow an 
assessment of how various winemaking practices influence aroma, an important factor of 
wine quality. This information could streamline the production of new grape varieties by 
permitting the selection of varieties showing certain aromatic attributes. Despite these 
advantages, determining the chemical origin of varietal aromatic character is complicated. 
First, odor-active compounds in grapes often occur in nonvolatile forms. These compounds 
are released only upon crushing [4], through yeast metabolism [5], or during aging [6]. A 
varietal character can originate from a combination of compounds and not from varietal 
specific compounds. Extraction procedures may influence the stability of odor-active 
compounds. Identification and quantification of odor-active compounds are needed to 
understand the aroma potential of new cold-hardy grape varieties. 
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The added benefit of simultaneous olfactometry (O) and chemical analysis (e.g., by 
gas chromatography-mass spectrometry (GC-MS)) allows for characterization of trace 
amounts of compounds with detection limits below that of the mass detector (i.e., 2-isobutyl-
3-methoxypyrazine, a “green bell pepper” aroma with detection threshold less than 0 ppb) 
[7,8]. Brianna is known, at least anecdotally within the industry, to develop an unwanted 
“foxy” aroma if harvested after 14–16 °Brix. However, there is a lack of scientific data to 
support this observation. 
Grape maturity levels expressed by sugar content (measured as °Brix) and titratable 
acidity (TA) in grape berries has a great impact on wine quality and aroma as well. During 
the period of grape ripening, sugar content increases in berries while the TA level decreases. 
The relationship between those two factors affects the release of wine odor-active 
compounds. As sugar increases and acidity decreases, the aroma of wine changes from 
“herbal” to “fruity” [9]. However, higher sugar content in berries resulting in higher ethanol 
production can decrease the volatility of odor-active compounds in wine, and fruity aromas 
change to alcohol-associated aromas [10]. Grapes are typically harvested when pH levels are 
between 3.2 to 3.4 for Brianna [11] and around 3.0 for Frontenac gris [12]. Brianna fruit has 
“grapefruit, tropical” and slight “floral” characteristics [11]. Frontenac gris fruit has aromas 
of “peach, apricot” and “tropical fruits” [13]. These cold-hardy cultivars were introduced to 
the public in 2001 (Brianna) [11] and 2003 (Frontenac gris) [12]. The cultivars are 
advantageous in cold climates, where V. vinifera will not survive the extreme low 
temperatures. Brianna was shown to be a top yielding cultivar among select cold-hardy 
cultivars with the lowest average titratable acidity [14]. 
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There is a need to characterize aromas from these new cold-hardy cultivars in order to 
understand and improve the potential of the final product. The objective of this study was to 
preliminarily associate odor-active compounds in Brianna and Frontenac gris white wines 
with different stages of grape berry ripening (i.e., with increasing sugar content and pH). This 
was completed by analyzing odor-active compounds in the headspace of wine using solid-
phase microextraction (SPME) and simultaneous chemical and sensory analysis using gas 
chromatography-mass spectrometry-olfactometry (GC-MS-O) [15,16]. 
In our previous research, we developed an automated headspace SPME-GC-MS-O 
method for aroma profiles of seven cold-hardy wines [15]. The effects of the SPME fiber 
type (7 coatings), the headspace SPME extraction time (10 distinct times from 10 s to 1 h), 
the extraction temperature (6 set points from 35 to 80 °C), the incubation time (5 set points 
for headspace equilibration from 0 to 20 min), the sample volume (4 set points from 1 to 4 
mL in a 10 mL vial), the desorption time (6 set points from 30 to 300 s), and the salt addition 
(5 set points) were tested. We used the optimized SPME conditions from previous research 
[15] in this current work. A multivariate analysis was used to illustrate the effects of harvest 
time on wine odor-active compounds. There is a need to characterize aromas from these new 
cold-hardy cultivars in order to understand and improve the potential of the final product. 
This is the first report of odor-active compounds in wines made from Frontenac gris and 
Brianna grapes at different levels of maturity. Information from this study can guide growers 
and winemakers in optimizing winemaking techniques and harvest decisions. This (GC-O) 
technique has been used in wine aroma analysis in Chardonnay [17], Muscat [18], Cabernet 
Gernischt, Cabernet Sauvignon, Cabernet Franc, Merlot [19], and native American grapes 
(Vitis spp.) [20]. 
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Materials and Methods 
Grape Samples Collection and Winemaking 
The working hypothesis is that wine aromas are affected by Brianna and Frontenac 
gris berry maturation (i.e., change in pH and sugar content as °Brix) at the time of harvest. 
Brianna and Frontenac gris grapes were grown in a Tucker’s Walk vineyard in Garretson, 
South Dakota. Brianna and Frontenac gris grapes’ characteristics at harvest are given in 
Table 2. Tucker’s Walk produced the wines using the protocols developed for the Northern 
Grapes Project [21] during the 2015 growing season and are described as follows. Briefly, 
grapes were harvested approximately one week apart. Four small batches of Brianna and 
three small batches of Frontenac gris wines were made on-site, (n = 2), using the same 
winemaking process. Grapes (110 to 120 kg) were processed in a crusher/destemmer and 
pressed, and juice sugar content was adjusted to 24 °Brix for Frontenac gris and 20 °Brix for 
Brianna. Frontenac gris, a bud sport from Frontenac and a high acid grape, is typically 
harvested for commercial wine at 22–24 °Brix. Brianna, a low acid grape, is typically 
harvested between 16 and 20 Brix. Brianna and Frontenac gris juices were brought to 20 and 
24 °Brix, respectively, at each harvest time point and fermented to dryness. This provided the 
same alcohol content in the respective cultivars across harvest dates. Inoculated juice was 
allowed to start fermenting at ambient temperature for 24 h, then immediately moved into 13 
°C and fermented to dryness. The wines (14 total) were analyzed by chemical and sensory 
analysis in triplicate. 
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Table 2. Brianna and Frontenac gris grapes’ characteristics at harvest. 
Cultivar Harvest Date Berry °Brix Berry pH 
Frontenac gris 24 September 2015 19.5 3.00 
Frontenac gris 1 October 2015 23.1 3.06 
Frontenac gris 9 October 2015 23.6 3.18 
Brianna 4 September 2015 15.4 3.09 
Brianna 11 September 2015 17.6 3.19 
Brianna 18 September 2015 18.6 3.29 
Brianna 25 September 2015 19.6 3.45 
 
Informal Sensory Analysis of Brianna Wine by Wine Industry Professionals 
Wines from each fermentation were analyzed in blind tastings by lay audiences at two 
viticulture and enology conferences (Minnesota Cold Climate Conference and Nebraska 
Vindemia). These panelists included grape growers, winemakers, vineyard/winery owners, 
and research scientists. Data was gathered from 32 and 23 individuals, respectively, and 
pooled for analysis. The panelists were asked to provide flavor descriptors and any wine 
quality notes. The descriptive terms were generated by the audience members and extracted 
from the data sheets. The terms were reduced from 78 to 61 terms by combining similar 
terms. For example, “citrus” includes lemon, lemongrass, grapefruit, and lime. The top 24 
terms were selected as those having been mentioned by at least 4 panelists. A spider plot was 
created using the term’s incidence as the response variable. 
Preparation of Wine Samples 
A 10 mL glass amber vial with a magnetic screw top and polytetrafluoroethylene 
(PTFE)-lined septum was used. Undiluted wine samples and serial dilutions of wine samples 
in model wine (4 mL total volume) were prepared using dilution factors of 2, 4, 8, 16, and 32 
[22]. The model wine was 5 mg/mL of potassium bitartrate in 12% ethanol in water. Two g 
of sodium chloride was added to each 10 mL vial to enhance headspace SPME extraction. 
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Automated SPME Extraction 
A 50/30 µm divinylbenzene (DVB)/Carboxen/polydimethylsiloxane (PDMS) SPME 
fiber (Sigma-Aldrich, St. Louis, MO, USA) was used to extract and pre-concentrate odor-
active compounds from the headspace of wine samples. A Leap Technologies CombiPal 
(Trajan Scientific, Pflugerville, TX, USA) was used for automated headspace sampling with 
the following parameters: 500 rpm agitation speed during incubation and extraction, 10 min 
incubation/extraction time at 50 °C, and 260 °C desorption for 2 min directly into the GC 
inlet. To prevent carryover between samples, the SPME fiber was also cleaned in a needle 
heater (260 °C for 2 min) under a flow of clean helium prior to each analysis. 
Chemical and Sensory Analysis 
An Agilent (7890B and 5977A) GC-MS was used for analysis, fitted with two 
columns in series. The first column was non-polar (BPX-2, 83 m × 530 µm × 0.5 µm, SGE-
Trajan Scientific, Pflugerville, TX, USA) and pressure balanced at the midpoint with a 
second polar column (DB-WAXETR, 30 m × 530 µm × 0.25 µm, Agilent Technologies, 
Santa Clara, CA, USA). Effluent from the second column was split 1:3 by restrictor columns 
to the single quadrupole mass spectrometer and olfactometry sniff port, respectively (1 part 
to MS and 2 parts to O-port). The GC temperature profile was initially 40 °C, held for 3 min, 
7 °C/min ramp to 220 °C, held for 11.29 min. Data acquisition was collected in full scan 
mode, the mass range was m/z 33 to 450, and the electron ionization energy was 70 eV. The 
instrument was tuned daily prior to analysis. MassHunter (v. B.07.00.1413, Agilent, Santa 
Clara, CA, USA) was used for mass spectral data acquisition and analysis. AromaTrax (v. 
10.1, MOCON, Round Rock, TX, USA) was used for sensory data acquisition (i.e., the 
aromagram). Multitrax Multidimensional Control Software (v. 10.1, MOCON, Round Rock, 
TX, USA) was used for pressure balance programming. A single trained human panelist was 
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used to assign aroma descriptors and intensity to each compound. This initial research on the 
popular two cold-hardy varieties was a “screening”-type work aiming to find odor-active 
compounds. At this (screening) stage, using one panelist is sufficient to achieve the stated 
aims, i.e., to preliminarily characterize odor-active compounds. This information should be 
used for follow-up studies as a starting point for proper experimental design. Since ethanol 
was expected to be present in each sample, the intensity of ethanol was assigned as 50 on a 1 
to 100 intensity scale. This process has been described in detail elsewhere [22,23]. 
Data Analysis 
Odor-active compounds collected from wine headspace was tentatively identified by 
matching mass spectra to the NIST11 library, Wiley 6N library. All compounds with 80% 
spectral match or higher and above the 1000 peak area count threshold were considered for 
the analyses. Aroma descriptors from the panelist were compared to known aroma 
descriptors for additional verification. The matching of retention time indices was not 
appropriate in this case due to the GC columns of different polarity in-series configurations. 
The identification of compounds by the analysis of the pure standard was not performed, but 
the specific ions of a compound are provided in Table A1, when present in the 
chromatogram above the threshold. 
Aroma extract dilution analysis (AEDA) was used to identify the most important 
compounds. From the aromagram, the odor dilution (OD) of each aroma event was 
multiplied by the measured intensity value resulting in the weighted intensity. This data was 
plotted with intensity (% full-scale) vs. time. Compounds with a higher OD were considered 
to be major contributors to the aroma profile of the wine. 
Aroma descriptor intensity and OD were analyzed by principal components analysis 
(PCA) and cluster summary analysis using JMP Pro 12.0.1 (SAS, Cary, NC, USA). PCA is 
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useful in summarizing all the odor-active compounds, detected by the human nose, in the 
wines among all conceivable linear combinations. A cluster summary analysis was also 
performed to determine the most representative aroma compound (i.e., the cluster variable 
with the largest squared correlation with its cluster component). 
Results 
Aroma events were simultaneously recorded using the sniff port by a trained human 
panelist during chromatographic analysis. A summary of the aroma events and the tentative 
identification by mass spectra is given in Table A1. There were 57 unique aroma events 
detected by olfactometry and 32 odor-active compounds tentatively identified by mass 
spectrometry in Frontenac gris and Brianna wines. There were 35 and 34 aroma events 
recorded for Frontenac gris and Brianna wines, respectively. Aroma descriptors that were 
common between Frontenac gris and Brianna wines included “alcoholic, banana, body odor, 
butterscotch, cut grass, floral, fruity, garlic, honey, caramel, overripe fruit, rose, rotten eggs, 
solvent, strawberry”, and “tomato”. Aroma descriptors unique to Frontenac gris wines 
included “woody, carrots, cereal, mushroom, sweaty”, and “vinegar”. Aroma descriptors 
unique to Brianna wines included “barnyard, cotton candy, and mint.” The intensity of 
aromas (detailed in Materials and Methods section) in Frontenac gris and Brianna wines, 
according to harvesting parameters, is summarized in Table 3. 
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Table 3. Summary of the ranked weighted intensity of aromas (recorded by olfactometry) in wine made from 
Frontenac gris and Brianna grapes harvested at different stages of ripening. All juice was brought to 24 °Brix for 
Frontenac gris and 20 °Brix for Brianna prior to fermentation to ensure similar alcohol content in the wines from 
the different time points. 
Cultivar Berry °Brix Berry pH Aroma Descriptors (Weighted Intensity 1) 
Frontenac gris 19.5 3.00 
unknown pleasant (19), floral/fruity (11), floral (5), overripe (3), 
butterscotch (2), tomato (1), unknown pleasant 1 (0), unknown 
neutral 2 (0) 
Frontenac gris 23.1 3.06 
honey/caramel/butterscotch (431), fruity (419), cut grass/fruity (417), 
alcoholic (391), banana (382), body odor (359), fruity 1 (345), solvent 
(337), unknown pleasant (324), rose 2 (321), garlic (207), 
carrots/woody (178), cereal (152), honey (122), vinegar (57), woody 1 
(55) 
Frontenac gris 23.6 3.18 
strawberry (524), strawberry/honey (395), sweaty (384), fruity 2 (244), 
match/sulfury (183), rose 1 (132), fecal (117), woody 2 (102), rotten 
eggs/sulfury (78), mushroom (63), unknown neutral 1 (5) 
Brianna 15.4 3.09 
rose (158), body odor (123), barnyard (122), butterscotch 2 (115), 
unknown pleasant (111), unknown neutral 2 (98), matchstick (92), 
mint (67), cotton candy (13) 
Brianna 17.6 3.19 alcoholic (420), overripe fruit 2 (373), rotten eggs (106) 
Brianna 18.6 3.29 
strawberry 2 (579), fruity 3 (506), cut grass (500), floral/fruity (472), 
honey/caramel (468), banana (467), overripe fruit 1 (455), solvent 
(425), strawberry 1 (382), unknown neutral 3 (363), fruity 2 (316), 
garlic (239), unknown pleasant (193), fruity 1 (21), floral (5) 
Brianna 19.6 3.45 
tomato 2 (196), unknown neutral 4 (194), unknown neutral 5 (180), 
tomato 1 (179), unknown neutral 1 (59), fruity 4 (45),  
butterscotch 1 (3) 
1 Defined in the Materials and Methods. 
Seventeen aromas did not yield suitable (>80%) corresponding mass spectral matches 
and are labeled as “unknown”. This could indicate that the compound responsible for this 
aroma is not concentrated enough for the mass detector to respond and that the odor detection 
threshold for this compound was very low. The evidence that the human nose can be more 
sensitive than the chemical detector is consistent with the notion that simultaneous chemical 
and sensory analyses are useful for analyses of complex wine headspace. Wine headspace 
aroma is one of the first attributes experienced by consumers and wine enthusiasts. 
Frontenac Gris White Wine Aroma Analysis by SPME-GC-MS-O 
White wines from Frontenac gris grapes had 35 recorded aroma events across all 
samples. Aromas of “honey, caramel, butterscotch” and “strawberry, honey” had no variation 
in odor dilution (OD, defined in Methods) and were not used in the multivariate analysis. The 
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aromas with the highest intensity in the Frontenac gris wines were “banana”, “fruity 2”, 
“honey”, and “unknown neutral 1”. Cluster summary analysis of OD showed that “rotten 
eggs, sulfury” and “unknown neutral 1” were the most representative aromas in these 
Frontenac gris wine. A “rotten eggs” smell in wine is considered a wine fault due to the 
winemaking process and therefore not considered a characteristic aroma of the grape. A 
chromatographic peak was not present at the corresponding retention time for “unknown 
neutral 1”. As pH and sugar accumulation in the berry increased, key odor-active compounds 
in these Frontenac gris wines developed from “unknown neutral 2” and “fruity 1” to “rose 1” 
(Figure 3). These correspond to mass spectral matches of “unknown neutral 2” to decanoic 
acid (CAS 334-48-5) and “fruity 1” to ethyl methylbutyrate (CAS 7452-79-1). A suitable 
mass spectral match was not found for the identification of “rose 1.” An open source aroma 
database [7] lists the percepts of “rancid, fat” for decanoic acid and “apple, characteristic of 
Golden delicious” for ethyl methylbutyrate. In the Flavornet database, 16 different 
compounds are listed with the aroma descriptor “rose”. 
Brianna White Wine Aroma Analysis by SPME-GC-MS-O 
White wine from Brianna grapes had 34 recorded aroma events across all samples. 
The “rotten eggs” aroma had no variation in OD and was not used in the multivariate analysis 
similarly to Frontenac gris. The most intense aromas in these Brianna wines were “overripe 
fruit 2”, “floral”, and “unknown neutral 5”. The most representative aromas, as indicated by 
cluster analysis, in these Brianna wines were “banana”, “floral”, “honey, caramel”, 
“butterscotch 1”, “tomato 1”, and “overripe fruit 2”.  Corresponding compounds from mass 
spectral searches are isoamyl acetate (banana, CAS 123-92-2), ethyl isobutyrate (“honey, 
caramel”, CAS 97-62-1), and isoamyl alcohol (“overripe fruit 2”, CAS 123-51-3). A suitable 
mass spectral match was not found for the “floral” aroma compound. A chromatographic  
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Figure 3. A principal component analysis (PCA) biplot of volatiles from the aroma extract 
dilution analysis of Frontenac gris wines made from berries harvested at three different 
ripening stages. Wines were made from Frontenac gris cold-hardy grapes harvested at 19.5, 
23.1, and 23.6 °Brix. The juice was adjusted to 24 °Brix prior to fermentation. Wine 
headspace samples were collected by solid-phase microextraction (SPME) and analyzed with 
gas chromatography-mass spectrometry-olfactometry (GC-MS-O). Aroma descriptors were 
recorded by a trained human panelist. A shift of the aroma profile from “fruity 1”to “rotten 
eggs, sulfury” to “rose 1” was observed. Over 98% of the variation in harvest time is 
correlated with key odor-active compounds. 
peak was not recorded corresponding to “butterscotch 1”, although the database lists methyl 
vanillate [7] as a source of this aroma. Two mass spectral matches were identified for 
“tomato 1”: diphenylmethane (“green”, CAS 101-81-5) [24] and isobutyl decanoate 
(“fermented”, CAS 30673-38-2) [24]. The “floral” aroma is associated with 48 different 
compounds [7]. As pH and sugar accumulation in these Brianna berries increased, key odor-
active compounds for each harvest changed (Figure 4). When harvested at the lowest sugar 
content and pH, the wines had a “cotton candy” (ethyl decanoate, CAS 110-38-3) and 
“floral” aroma. From 17.6 to 18.6 °Brix, aromas changed from “banana” to “butterscotch.” 
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At the highest sugar and pH, the key aromas in the Brianna wines were “honey, caramel” and 
“unknown neutral 1” (isobutyl alcohol, CAS 78-83-1). This change in aromas over Brianna 
berry ripening is shown in Figure 4. 
 
 
Figure 4. A PCA biplot of aromas from Brianna wines made from berries harvested at four different ripening 
stages. Wines were made from Brianna cold-hardy grapes harvested at 15.4, 17.6, 18.6, and 19.6 °Brix. The juice 
was adjusted to 20 °Brix for all time points prior to fermentation. Wine headspace samples were collected by 
SPME and analyzed with GC-MS-O. Aroma descriptors were recorded by a trained human panelist. A shift of 
the aroma profile from “cotton candy” to “banana” to “floral” to “butterscotch” was observed. Over 68% of the 
variation in harvest time is correlated with key odor-active compounds. 
Discussion 
SPME has been used to quantify volatile by-products in industrial ethanol [25], 
volatile congeners in food-grade ethanol [23], and volatile odor-active compounds in cold-
hardy wines made from Marquette and Frontenac [22] and even used to characterize street 
drug aromas [26,27,28]. Odor-active compounds in wine headspace must be extracted 
quickly and efficiently in order to minimize the effects of oxidation on the wine aroma 
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profile. In this research, a SPME 50/30 µm divinylbenzene 
(DVB)/Carboxen/polydimethylsiloxane (PDMS) coating was suitable for extraction of a 
wide variety of aroma volatiles including alcohols, esters, aldehydes and ketones, phenolics, 
and acids. Ethanol being the most prevalent in headspace did not outcompete volatile aromas 
for SPME sorption sites. 
Simultaneous sensory and chemical analyses of white wine aroma was facilitated by 
the use of GC-MS-O. The advantage of using olfactometry (O) simultaneously with chemical 
detection is the ability to focus on selected fewer aroma-causing compounds present in a very 
complex mixture of the wine headspace matrix. A sole focus on chemical analyses can 
preclude finding the aroma-defining volatile compounds in wine. 
Grape sugar content (°Brix) varies depending on the species, variety, maturity 
(ripening), and health of the fruit [10]. Cultivars of European Vitis vinifera generally 
accumulate sugar at a concentration of 20% or more at maturity [29]. The cold-hardy 
cultivars Brianna and Frontenac gris pedigree includes V. riparia, V. labrusca, and V. vinifera 
[30,31]. Brianna, in particular, is often harvested at a lower °Brix to avoid “foxy” flavors. 
Sugar is added (chaptalization) to the juice to develop the 10–12% alcohol content typical of 
most still (non-sparkling) table wines [32]. The effects of sugar content and ethanol 
concentrations on the sensory attributes of young and aged sweet wines is found elsewhere 
[33,34]. However, there are few intervention options for enhancing the desired aromas. Thus, 
wine cold-hardy white wines produced from European/native N. American cultivars such as 
Brianna and Frontenac gris need to be “farmed for flavor.” This means that growers should 
consider an optimal flavor profile as a harvest parameter, in addition to the °Brix, pH, and 
TA. 
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Grapes produce few aldehydes significant in varietal aromas. This may result from 
their reduction to alcohols during primary fermentation. Of the aldehydes not metabolized 
during primary fermentation, C-6 aldehydes appear to be the most noteworthy [35]. These 
aldehydes are responsible for the grassy to herbaceous odor associated with certain grape 
varieties or with wines made from immature grapes. They appear to be formed during 
crushing by the enzymatic oxidation of grape lipids [4]. Most aldehydes found in wine are 
created during processing or fermentation or are extracted from oak cooperage [32]. 
Likewise, few ketones are found in grapes. The norisoprenoid ketones (i.e., beta-
damascenone, alpha-ionone, and beta-ionone) are persistent throughout fermentation [32]. 
The “apple, rose, honey” aroma of beta-damascenone [7] and low odor threshold [24] imply 
that it is important in the aroma of several grape varieties including “Chardonnay” [36] and 
“Riesling” [37]. The “seaweed, violet, flower, raspberry” aroma of beta-ionone [7], along 
with beta-damascenone, are important in the aroma of several red grape varieties [38]. Other 
ketones that are generated by fungal metabolism or produced during fermentation and acetals 
produced during aging and distillation will not be discussed in this research. 
Of all the aromatic constituents of wine, esters are the most abundant. Most of these 
esters are found only in trace amounts and have either low volatility or non-distinct odors, 
and their importance to wine fragrance is often discounted. The more common esters such as 
acetate esters are derived from acetic acid and fusel alcohols, and the ethyl esters are formed 
between ethanol and fatty acids or nonvolatile, fixed organic acids. The fruity aromas are 
important in the aroma profile of young white wines [39]; however, the esters to the aromas 
of red wines is less understood. 
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Terpenes are an important group of aromatic compounds characterizing the aromas of 
“flower and lavender” (linalool), “rose and geranium” (geraniol), “sweet” (nerol), “oil, anise, 
mint” (alpha-terpineol), and “hyacinth” (hotrienol) [7]. Terpenes are responsible for the 
fragrance of herb-flavored wines such as vermouth and fruit-flavored wines. In addition, 
terpenes also characterize some wine grape cultivars, most notably the “Muscat” and 
“Riesling” families [40]. 
Pyrazines are important to the characteristic varietal aromas of several cultivars [41]. 
Ethyl 3-mercaptopropionate is an important compound suspected to be the “foxy” odor of 
some V. labrusca varieties [42]. Most thiols generate off-odors, and only a few contribute to 
the characteristic varietal aroma of wine grape cultivars. These are 4-mercapto-4-
methylpentan-2-ol (“floral, lemon grapefruit”) [24] and 3-mercaptohexan-1-ol (“grapefruit”) 
[43]. Both compounds are important in the varietal character of “Sauvignon Blanc” [43]. A 
key aroma important in “Scheurebe” is 4-mercapto-4-methylpentan-2-ol [44]. 
Despite the information available on volatile wine odor-active compounds and their 
sensory perceptions, experienced tasters are not always able to determine the grape variety 
(Vinifera), even when 100% of the wine is made from that cultivar [45]. A review of wine 
aroma in grapes is provided elsewhere [46]. The question remains if these new cold-hardy 
cultivars produce a distinct varietal aroma in white wines. This research adds a valuable 
initial report on white wine aromas from Brianna and Frontenac gris grapes. To date, the only 
other published research on cold-hardy wine aromas pertains to red wines [47,48,49,50] and 
white wines [51]. Therefore, this research serves as a starting point for determining the odor-
active compounds in Brianna and Frontenac gris cold-hardy wines. At this (screening) stage, 
using one panelist achieved the stated aims, i.e., preliminarily characterized odor active 
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compounds. This information should be used for follow-up studies as a starting point for 
proper experimental design. This relatively low number of publications on cold-hardy wine 
varieties is significant compared with active research in Vinifera 
[52,53,54,55,56,57,58,59,60,61,62]. 
Results (obtained with GC-MS-O approach) from this research could be used to 
inform cold-hardy grape growers on “farming for flavor.” A shift of the aroma profile from 
“fruity 1” to “rotten eggs, sulfury” to “rose 1” was observed in wines made from Frontenac 
gris harvested at 19.5, 23.1, and 23.6 °Brix, respectively (Figure 3). The must was not 
submitted to cold-settling and might be a major reason for the “sulfury, rotten egg” odors 
found in the research wines. In addition, a shift of the aroma profile from “cotton candy” to 
“banana” to “floral” to “butterscotch” was observed in wines that were made from Brianna 
grapes harvested at 15.4, 17.6, 18.6, and 19.6 °Brix, respectively (Figure 4). 
Similar shifts of actual flavor and aroma of wines made from Brianna were also 
observed during tasting sessions at conferences for wine industry professionals. Results from 
the lay audiences’ flavor and aroma descriptors (Figure 5) also indicate a shift with harvest 
date and associated °Brix. The most obvious change at the late harvest date is the use of the 
term “foxy”, a negative characteristic associated with V. labrusca-based wines. There was 
also a decrease in the use of “acidity,” although “citrus” was still mentioned. Additional 
flavor descriptors that had a higher incidence in the late harvested wine included “bitter”, 
“floral”, and “pineapple”. The lay audiences’ perceptions of the Brianna wine detected some 
of the “sulfur”, “dirty”, “musty” aromas but at a very low incidence. 
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Figure 5. A spider plot indicating a shift of flavor and aroma descriptors of Brianna wines, that were made from 
grapes harvested from 4 September to 25 September, from the wine tasting panels generated by lay audiences at 
conferences for wine industry professionals. A shift of flavor and aroma descriptors is associated with the 
increase in °Brix and appearance of “foxy”, a negative characteristic associated with V. labrusca-based wines at 
the latest harvest date. 
This research will help support the sustainable development of cold-hardy grape 
growing and the winemaking industry in Midwest U.S by providing a baseline for viticultural 
and wine-making practices. The next logical step would be to relate aroma-active compounds 
with sensory attributes by means of pattern recognition techniques that use multivariate 
statistical tests such, as principal component analysis, cluster analysis, or even partial least 
square (PLS) algorithms as previously described [63,64]. It is also possible to use the volatile 
data obtained by GC to construct odorant series with a given odor activity value for 
comparison purposes with sensorial data as in References [26,27,28,65,66,67]. 
More research is warranted on the aromas of white wines produced from cold-hardy 
cultivars. Several recommendations could be made including repeated studies involving a 
greater number of growing seasons and eventually developing consistent regional wine 
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styles. This could include linking the sensory characteristics such as color, body and 
mouthfeel [68], and aroma. 
Conclusions 
This is the first report of white wine aromas from cold-hardy Brianna and Frontenac 
gris by GC-MS-O. Findings from this research support the hypothesis that aroma profiles of 
Brianna and Frontenac gris wines can be influenced by harvesting the grapes at different 
stages of ripening. Evaluation of the respective cultivar wines from different harvest dates 
but the same alcohol content allowed the detection of over 30 odor-active compounds in the 
wine headspace for both Brianna and Frontenac gris. The particular wine aroma profile 
changed depending on the time of harvest and grape maturity. Aromas in Brianna wines 
developed from “cotton candy” and “floral” to “banana” and “butterscotch” and then finally 
to “honey”, “caramel”, and an “unknown neutral” aroma. Over 68% of the variation in 
harvest time was correlated with key odor-active compounds. Aromas in Frontenac gris 
wines changed from an “unknown neutral” aroma to “fruity” to “rose”. Over 98% of the 
variation in harvest time was correlated with key odor-active compounds. Wine tasting data 
generated by wine industry professionals at conferences showed a shift in flavor and aroma 
descriptors for Brianna wines. The shift of flavor and aroma descriptors is associated with the 
increase in °Brix and “foxy,” a negative characteristic associated with V. labrusca-based 
wines at the latest harvest dates. This research provides both positive and negative aroma 
characteristics associated with increased ripeness and will help support the sustainable 
development of cold-hardy grape growing and the winemaking industry in Midwest U.S by 
providing a baseline for viticultural and wine-making practices. 
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Appendix. Additional Material 
Table A1. Summary of identified aromas and associated compounds in the headspace of wines made from Brianna and Frontenac gris cold-hardy grapes. Percent 
match to NIST 11 mass spectral library was equal or greater than 80%. 
Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
Variety: Brianna; Harvest Date: 4 September 2015; Sample Number: 1 
1 Rotten eggs 79 2.54 0.03 32 Not detected   
2 Alcoholic 307 3.2 0.19 32 Ethanol 64-17-5 5: 43 45 60 42 44 
3 Butterscotch 2 115 4.81 0.08 32 Ethyl lactate 97-64-3 7: 45 75 43 46 47 61 103 
4 Body odor 118 5.31 0.08 32 Isobutyl alcohol 78-83-1 11: 41 42 39 74 57 59 73 40 37 58 52 
5 Honey, caramel 256 5.75 0.11 32 Ethyl isobutyrate 97-62-1 10: 71 89 60 41 101 73 102 90 59 88 
6 Floral, fruity 312 6.91 0.08 32 Ethyl butyrate 105-54-4 2: 107 108 
7 Solvent 302 7.2 0.07 32 Unknown   
8 Over ripe fruit 1 283 7.56 0.09 32 Isoamyl alcohol 123-51-3 
15: 60 73 41 87 43 55 42 57 39 61 69 
59 99 50 58 
9 Over ripe fruit 2 311 8 0.16 32 Isoamyl alcohol 123-51-3 0 
10 Fruity 2 177 8.27 0.08 32 Ethyl isovalerate 108-64-5 0 
11 Banana 273 9.04 0.08 32 Isoamyl acetate 123-92-2 
20: 91 92 122 65 51 39 77 93 63 103 
104 50 62 52 64 79 66 38 75 102 
12 Unknown pleasant 111 11.32 0.09 32 Unknown   
13 Fruity 3 369 12.22 0.1 32 Ethyl hexanoate 123-66-0 4: 74 71 87 59 
14 Garlic 63 12.83 0.11 32 Not detected   
15 Unknown neutral 2 98 15.18 0.09 32 Unknown   
16 Rose 158 15.91 0.16 32 Unknown   
17 Matchstick 92 16.7 0.08 32 Unknown   
18 Cut grass 333 17.06 0.2 32 Ethyl octanoate 106-32-1 17: 108 107 150 77 43 79 109 80 90 
51 78 53 50 39 89 62 105 
19 Barnyard 122 18.43 0.16 32 4-methylphenyl 
acetate 
140-39-6 10: 43 71 116 88 41 89 42 57 44 70 
20 Mint 67 19.3 0.07 32 Methyl salicylate 119-36-8 8: 57 85 212 112 83 97 141 113 
21 Unknown neutral 3 264 19.97 0.07 32 Phenethyl alcohol 60-12-8 20: 88 101 155 73 157 70 43 55 41 60 
61 89 69 57 71 115 143 83 42 85 
22 Strawberry 1 309 21.52 0.35 32 Ethyl decanoate 110-38-3 17: 99 117 56 43 71 60 55 57 41 73 
39 100 87 69 116 101 118 
23 Strawberry 2 406 22.09 0.08 32 Octanoic acid 124-07-2 14: 71 88 43 73 60 89 101 70 61 42 
39 116 55 90 
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Table A1 continued 
 
Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
Variety: Brianna; Harvest Date: 04 September 2015; Sample Number: 2 
1 Rotten eggs 70 2.54 0.03 32 Not detected   
2 Alcoholic 383 3.2 0.19 32 Ethanol 64-17-5 
15: 45 46 43 47 42 41 44 40 33 48 77 
49 39 78 34 
3 Butterscotch 2 106 4.81 0.08 32 Unknown   
4 Body odor 123 5.31 0.45 32 Isobutyl alcohol 78-83-1 
18: 43 41 42 33 39 74 55 56 57 40 59 
44 53 37 50 54 49 52 
5 Honey, caramel 255 5.67 1.38 32 Ethyl isobutyrate 97-62-1 5: 71 116 73 88 89 
6 Solvent 320 7.25 0.01 32 Unknown   
7 Over ripe fruit 1 2 7.52 0.04 1 Isoamyl alcohol 123-51-3 20: 55 70 42 43 39 45 69 71 46 44 40 
38 51 50 47 60 37 67 52 73 
8 Over ripe fruit 2 2 7.99 0.06 1 Isoamyl alcohol 123-51-3 20: 55 70 42 43 39 45 69 71 46 44 40 
38 51 50 47 60 37 67 52 73 
9 Over ripe fruit 2 1 8.23 0.03 1 Ethyl isovalerate 108-64-5 6: 88 85 60 61 115 87 
10 Banana 2 9.04 0.03 1 Isoamyl acetate 123-92-2 19: 43 70 55 87 61 42 41 73 69 39 44 
58 88 57 53 85 54 115 40 
11 Unknown pleasant 3 11.32 0.04 2 Unknown   
12 Fruity 3 360 12.25 0.03 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 71 73 61 41 
55 42 115 45 39 87 69 117 89 100 
13 Garlic 0 12.82 0.03 1 Not detected   
14 Unknown neutral 2 34 15.17 0.08 32 Unknown   
15 Rose 1 15.94 0.03 1 Unknown   
16 Matchstick 2 16.69 0.02 2 Unknown   
17 Cut grass 7 17.02 0.08 2 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 60 55 41 61 
43 129 115 89 42 69 45 83 143 39 
18 Barnyard 2 18.41 0.09 2 Unknown   
19 Mint 1 19.38 0.04 1 Unknown   
20 Unknown neutral 3 322 20 0.05 32 Phenethyl alcohol 60-12-8 
20: 91 92 122 65 39 51 77 63 93 78 
89 103 123 104 50 62 90 52 64 66 
21 Cotton candy 13 21.42 0.07 2 Ethyl decanoate 110-38-3 
20: 88 101 155 73 157 70 43 55 41 60 
61 89 69 57 71 115 143 83 42 85 
22 Strawberry 2 3 21.98 0.24 1 Octanoic acid 124-07-2 
20: 60 73 43 101 41 55 85 84 87 69 
115 61 39 45 57 74 83 67 97 102 
23 Unknown neutral 4 1 24.45 0.05 1 Unknown   
24 Unknown neutral 4 2 24.74 0.04 1 Unknown   
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Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
25 Unknown neutral 5 1 25.2 0.05 1 Decanoic acid 334-48-5 
20: 73 60 129 71 57 41 55 43 69 87 
115 83 61 84 39 143 74 112 56 42 
Variety: Brianna; Harvest Time: 11 September 2015; Sample Number: 1 
1 Rotten eggs 106 2.54 0.03 32 Not detected   
2 Alcoholic 420 3.2 0.19 32 Ethanol 64-17-5 
20: 45 46 43 42 47 41 44 33 40 48 77 
49 39 61 78 34 53 55 38 165 
3 Butterscotch 2 71 4.81 0.08 32 Ethyl lactate 97-64-3 2: 45 75 
4 Body odor 95 5.31 0.08 32 Isobutyl alcohol 78-83-1 
20: 43 41 42 33 39 74 55 56 57 40 59 
38 73 44 53 37 50 51 72 34 
5 Honey, caramel 355 5.75 0.11 32 Ethyl isobutyrate 97-62-1 10: 43 71 116 41 88 73 89 42 72 101 
6 Floral, fruity 361 6.91 0.08 32 Ethyl butyrate 105-54-4 
17: 71 88 43 41 60 89 42 101 39 61 
116 72 117 90 40 38 47 
7 Solvent 337 7.2 0.07 32 Unknown   
8 Over ripe fruit 1 345 7.56 0.09 32 Isoamyl alcohol 123-51-3 20: 55 70 41 42 43 45 69 71 46 44 40 
38 54 60 37 67 35 52 62 63 
9 Over ripe fruit 2 373 8 0.16 32 Isoamyl alcohol 123-51-3 20: 55 70 41 42 43 45 69 71 46 44 40 
38 54 60 37 67 35 52 62 63 
10 Fruity 2 91 8.27 0.08 32 Ethyl isovalerate 108-64-5 9: 88 85 60 61 87 115 59 103 86 
11 Banana 308 9.04 0.08 32 Isoamyl acetate 123-92-2 19: 43 70 55 87 61 41 42 73 69 39 71 
56 88 44 58 57 85 53 40 
12 Unknown pleasant 55 11.32 0.09 32 Unknown   
13 Fruity 3 394 12.22 0.1 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 71 73 61 41 
55 42 115 45 87 39 117 69 89 102 
14 Garlic 40 12.83 0.11 32 Not detected   
15 Unknown neutral 2 57 15.18 0.09 32 Unknown   
16 Rose 123 15.91 0.16 32 Unknown   
17 Matchstick 39 16.7 0.08 32 Unknown   
18 Cut grass 423 17.06 0.2 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
43 129 115 42 89 69 45 83 143 39 
19 Barnyard 40 18.43 0.16 32 Not detected   
20 Mint 49 19.3 0.07 32 Not detected   
21 Unknown neutral 3 345 19.97 0.07 32 Phenethyl alcohol 60-12-8 
20: 91 92 122 65 39 63 77 51 93 78 
89 103 123 104 50 62 52 90 64 41 
22 Strawberry 1 307 21.49 0.38 32 Ethyl decanoate 110-38-3 
20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 115 57 71 143 83 42 45 
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Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
23 Strawberry 2 498 22.01 0.16 32 Octanoic acid 124-07-2 
20: 60 73 43 55 41 101 85 84 87 69 
61 39 115 45 42 57 56 74 83 82 
24 Tomato 1 63 24.32 0.02 32 Not detected   
25 Unknown neutral 4 162 24.78 0.02 32 Unknown   
26 Unknown neutral 5 94 25.27 0.02 32 Decanoic acid 334-48-5 19: 73 60 129 41 55 57 43 71 69 87 
115 83 61 172 42 84 143 39 56 
Variety: Brianna; Harvest Time: 11 September 2015; Sample Number: 2 
1 Rotten eggs 54 2.54 0.03 32 Not detected   
2 Alcoholic 420 3.2 0.19 32 Ethanol 64-17-5 
17: 45 46 43 42 47 41 44 33 40 48 77 
49 39 61 91 78 95 
3 Butterscotch 2 71 4.81 0.08 32 Unknown   
4 Body odor 95 5.31 0.08 32 Ethyl propionate 105-37-3  
5 Honey, caramel 355 5.75 0.11 32 Ethyl isobutyrate 97-62-1 6: 71 116 88 33 73 117 
6 Floral, fruity 361 6.91 0.08 32 Unknown   
7 Solvent 337 7.2 0.07 32 Ethyl butyrate 105-54-4 14: 71 88 43 73 41 89 101 70 61 72 
116 57 69 37 
8 Over ripe fruit 1 345 7.56 0.09 32 Unknown   
9 Over ripe fruit 2 373 8 0.16 32 Isoamyl alcohol 123-51-3 10: 70 42 43 39 44 46 51 59 37 49 
10 Fruity 2 91 8.27 0.08 32 Not detected   
11 Banana 308 9.04 0.08 32 Isoamyl acetate 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 88 
58 56 44 85 57 53 45 54 40 
12 Unknown pleasant 55 11.32 0.09 32 Unknown   
13 Fruity 3 394 12.22 0.1 32 Unknown   
14 Garlic 40 12.83 0.11 32 Not detected   
15 Unknown neutral 2 57 15.18 0.09 32 Ethyl heptanoate 106-30-9 10: 88 113 101 84 87 74 69 83 89 102 
16 Rose 123 15.91 0.16 32 Unknown   
17 Matchstick 39 16.7 0.08 32 Unknown   
18 Cut grass 423 17.06 0.2 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
43 129 115 89 42 69 143 83 45 39 
19 Barnyard 40 18.43 0.16 32 Unknown   
20 Mint 49 19.3 0.07 32 Unknown   
21 Unknown neutral 3 345 19.97 0.07 32 Unknown   
22 Strawberry 1 307 21.49 0.38 32 Unknown   
23 Strawberry 2 498 22.01 0.16 32 Octanoic acid 124-07-2 
20: 60 73 43 55 41 101 85 84 87 69 
115 61 45 39 42 57 56 74 83 82 
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Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
24 Tomato 1 63 24.32 0.02 32 Diphenylmethane 101-81-5 
13: 167 168 165 152 169 166 76 63 
141 128 164 50 78 
25 Unknown neutral 4 162 24.78 0.02 32 Unknown   
26 Unknown neutral 5 94 25.27 0.02 32 Decanoic acid 334-48-5 19: 73 60 129 55 41 57 71 43 87 69 
83 115 61 84 39 74 42 143 70 
Variety: Brianna; Harvest Time: 18 September 2015; Sample Number: 1 
1 Rotten eggs 87 2.54 0.03 32 Not detected   
2 Alcoholic 411 3.2 0.19 32 Ethanol 64-17-5 
17: 45 46 43 42 47 41 44 33 40 48 77 
49 91 55 78 51 92 
3 Butterscotch 2 109 4.81 0.08 32 Unknown   
4 Body odor 42 5.31 0.08 32 Isobutyl alcohol 78-83-1 
13: 43 41 42 39 74 55 56 57 38 53 44 
73 37 
5 Honey, caramel 468 5.75 0.11 32 Ethyl isobutyrate 97-62-1 10: 43 71 88 41 116 55 73 42 39 72 
6 Floral, fruity 472 6.91 0.08 32 Ethyl butyrate 105-54-4 16: 71 88 43 73 60 41 89 101 42 70 
61 39 55 40 38 62 
7 Solvent 425 7.2 0.07 32 Unknown   
8 Over ripe fruit 1 455 7.56 0.09 32 Unknown   
9 Over ripe fruit 2 360 8 0.16 32 Unknown   
10 Fruity 2 117 8.27 0.08 32 Isoamyl alcohol 123-51-3 13: 55 70 42 43 39 45 46 44 53 40 73 
66 62 
11 Banana 467 9.04 0.08 32 Isoamyl acetate 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
44 88 56 58 57 85 53 45 54 
12 Unknown pleasant 71 11.32 0.09 32 Unknown   
13 Fruity 3 506 12.22 0.1 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 71 73 41 61 
55 42 115 45 39 87 69 117 89 100 
14 Garlic 106 12.83 0.11 32 Not detected   
15 Unknown neutral 2 34 15.18 0.09 32 Rose oxide 16409-43 9: 139 69 83 154 140 84 85 53 77 
16 Unknown 
unpleasant 
71 15.69 0.07 32 Unknown   
17 Rose 129 15.91 0.16 32 Unknown   
18 Matchstick 41 16.7 0.08 32 Unknown   
19 Cut grass 500 17.06 0.2 32 Ethyl octanoate 106-32-1 
20: 88 101 127 57 73 70 55 60 41 61 
43 129 115 42 89 69 143 45 83 39 
20 Barnyard 11 18.43 0.16 32 Unknown   
21 Mint 26 19.3 0.07 32 Methyl salicylate 119-36-8 5: 120 152 92 65 149 
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Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
22 Unknown neutral 3 363 19.97 0.07 32 Phenethyl alcohol 60-12-8 
20: 91 92 122 65 77 93 51 39 63 78 
103 104 50 62 90 52 79 41 53 75 
23 Strawberry 1 382 21.49 0.38 32 Ethyl decanoate 110-38-3 
20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 57 115 71 143 83 42 85 
24 Strawberry 2 579 22.01 0.16 32 Octanoic acid 124-07-2 20: 60 73 43 101 55 41 85 84 87 69 
115 39 61 45 42 57 56 74 83 82 
25 Tomato 1 73 24.32 0.02 32 Unknown   
26 Unknown neutral 4 154 24.78 0.02 32 Unknown   
27 Unknown neutral 5 94 25.27 0.02 32 Decanoic acid 334-48-5 20: 73 60 129 55 57 41 71 43 69 87 
83 115 110 61 84 112 74 56 70 53 
Variety: Brianna; Harvest Time: 18 September 2015; Sample Number: 2 
1 Rotten eggs 46 2.54 0.03 32 Not detected   
2 Alcoholic 4 3.2 0.19 1 Ethanol 64-17-5 18: 45 46 43 42 47 41 44 33 40 48 77 
49 39 55 91 84 97 104 
3 Fruity 1 21 4.2 0.38 32 Not detected   
4 Butterscotch 2 18 4.81 0.08 32 Ethyl lactate 97-64-3 2: 45 75 
5 Body odor 16 5.31 0.08 32 Isobutyl alcohol 78-83-1 12: 43 41 42 39 74 56 57 40 53 38 44 
37 
6 Honey, caramel 6 6.1 -0.24 1 Not detected   
7 Floral 5 7.35 -0.36 1 Not detected   
8 Over ripe fruit 1 2 7.65 -0.38 1 Not detected   
9 Over ripe fruit 2 6 7.82 0.28 1 Isoamyl alcohol 123-51-3 10: 70 41 39 45 53 38 58 50 72 87 
10 Fruity 2 316 8.45 -0.1 32 Not detected   
11 Banana 6 9.4 -0.28 1 Isoamyl acetate 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
58 56 44 88 57 53 85 45 40 
12 Unknown pleasant 0 11.32 0.09 1 Unknown   
13 Garlic 16 13.08 -0.14 8 Not detected   
14 Garlic 239 13 0.07 32 Not detected   
15 Unknown unpleasant 193 15.65 0.15 32 2-Nonanone 821-55-6 
14: 58 43 71 59 57 142 127 85 82 95 
113 53 72 54 
16 Rose 1 16.43 -0.36 1 Unknown   
17 Cut grass 6 17.09 0.17 1 Unknown   
18 Barnyard 1 18.43 0.16 1 Not detected   
19 Mint 28 19.3 0.07 32 Not detected   
20 Fruity 4 28 19.71 0.01 32 Unknown   
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Number Aroma Descriptor Weighted Intensity 
Retention 
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Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
21 Unknown neutral 3 5 20.05 -0.01 1 Phenethyl alcohol 60-12-8 
20: 91 92 122 65 77 39 51 78 89 103 
123 104 50 62 52 64 38 79 75 120 
22 Strawberry 1 320 21.5 0.37 32 Ethyl decanoate 110-38-3 
20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 115 57 71 143 83 42 85 
23 Strawberry 2 422 22.05 0.12 32 Octanoic acid 124-07-2 20: 60 73 55 43 101 41 85 84 87 69 
115 61 39 45 57 56 74 83 82 53 
24 Tomato 1 79 24.32 0.02 32 Not detected   
25 Tomato 2 91 24.78 0.02 32 Unknown   
26 Unknown neutral 5 146 25.27 0.02 32 Unknown   
Variety: Brianna; Harvest Time: 25 September 2015; Sample Number: 1 
1 Rotten eggs 48 2.54 0.03 32 Not detected   
2 Alcoholic 293 3.2 0.19 32 Ethanol 64-17-5  
3 Butterscotch 2 67 4.81 0.08 32 Unknown   
4 Unknown neutral 1 59 5.31 0.08 32 Isobutyl alcohol 78-83-1 13: 43 33 41 42 39 74 55 56 57 53 75 
49 54 
5 Honey, caramel 18 5.75 0.11 4 Ethyl isobutyrate 97-62-1 13: 43 71 116 41 88 73 89 42 39 101 
117 72 70 
6 Floral, fruity 17 6.91 0.08 4 Ethyl butyrate 105-54-4 17: 71 88 43 73 41 89 60 42 101 70 
45 39 61 116 38 47 37 
7 Solvent 18 7.2 0.07 4 Unknown   
8 Over ripe fruit 1 23 7.56 0.09 4 Unknown   
9 Over ripe fruit 2 18 8 0.16 4 Not detected   
10 Fruity 2 121 8.27 0.08 32 Ethyl isovalerate 108-64-5 6: 88 85 60 115 87 89 
11 Banana 261 9.04 0.08 32 Isoamyl acetate 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
88 58 56 44 57 85 45 53 54 
12 Unknown pleasant 32 11.32 0.09 32 Unknown   
13 Fruity 3 38 12.22 0.1 4 Not detected   
14 Garlic 123 12.83 0.11 32 Not detected   
15 Unknown neutral 2 9 15.18 0.09 4 2-Nonanone 821-55-6 9: 58 43 59 71 57 82 127 84 100 
16 
Unknown 
unpleasant 132 15.7 0.1 32 Unknown   
17 Rose 76 15.91 0.16 32 Unknown   
18 Matchstick 71 16.7 0.08 32 Unknown   
19 Cut grass 327 17.06 0.2 32 Ethyl octanoate 106-32-1 
20: 88 101 127 57 70 73 55 60 41 129 
61 43 115 89 42 69 143 83 39 45 
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Number Aroma Descriptor Weighted Intensity 
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Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
20 Barnyard 39 18.43 0.16 32 Unknown   
21 Mint 28 19.3 0.07 32 Unknown   
22 Unknown neutral 3 214 19.97 0.07 32 Phenethyl alcohol 60-12-8 10: 91 92 122 65 77 78 90 50 104 102 
23 Strawberry 1 21 21.49 0.38 4 Ethyl decanoate 110-38-3 20: 88 101 155 157 70 73 55 41 43 61 
69 60 89 115 57 71 143 83 200 42 
24 Strawberry 2 393 22.01 0.16 32 Octanoic acid 124-07-2 20: 43 41 55 115 39 45 42 74 56 53 
127 116 51 79 75 47 128 65 63 50 
25 Tomato 1 146 24.32 0.02 32 Unknown   
26 Unknown neutral 4 194 24.78 0.02 32 Unknown   
27 Unknown neutral 5 132 25.27 0.02 32 Decanoic acid 334-48-5 20: 73 60 129 41 55 71 57 43 69 87 
83 115 61 143 84 39 112 45 56 42 
Variety: Brianna; Harvest Time: 25 September 2015; Sample Number: 2 
1 Rotten eggs 63 2.54 0.03 32 Not detected   
2 Alcoholic 264 3.2 0.19 32 Ethanol 64-17-5  
3 Butterscotch 1 3 4.2 0.38 1 Not detected   
4 Butterscotch 2 16 4.81 0.08 8 Not detected   
5 Body odor 4 5.31 0.08 4 Isobutyl alcohol 78-83-1 13: 43 33 41 42 39 74 55 56 57 53 75 
49 54 
6 Honey, caramel 144 5.85 0.01 32 Ethyl isobutyrate 97-62-1 11: 43 71 88 116 89 42 73 101 39 72 
38 
7 Floral, fruity 222 7.02 -0.03 32 Ethyl butyrate 105-54-4 19: 71 88 43 73 60 89 41 70 42 101 
61 39 116 72 55 102 57 90 74 
8 Solvent 114 7.3 -0.03 32 Unknown   
9 Over ripe fruit 2 122 8.04 0.06 32 Not detected   
10 Over ripe fruit 2 80 8.23 -0.07 32 Isoamyl alcohol 123-51-3 20: 88 101 155 157 70 73 55 41 43 61 
69 60 89 115 57 71 143 83 200 42 
11 Banana 91 9.19 -0.07 16 Isoamyl acetate 123-92-2 4: 56 43 55 57 
12 Unknown pleasant 10 11.32 0.09 16 Not detected   
13 Fruity 3 45 12.36 -0.04 8 Unknown   
14 Garlic 61 12.83 0.11 32 Not detected   
15 
Unknown 
unpleasant 37 15.7 0.1 8 Unknown   
16 Rose 1 15.91 0.16 1 Unknown   
17 Matchstick 33 16.7 0.08 32 Unknown   
18 Cut grass 96 17.14 0.12 16 Not detected   
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Aroma Event Width (min) OD * 
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Chemical 
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19 Barnyard 3 18.43 0.16 8 Unknown   
20 Mint 39 19.3 0.07 32 Propyl octanoate 624-13-5 9: 69 121 190 105 120 77 122 79 145 
21 Fruity 4 45 19.71 0.01 16 Unknown   
22 Unknown neutral 3 140 20.02 0.02 32 Phenethyl alcohol 60-12-8 20: 91 92 122 65 51 39 93 77 63 78 
89 103 123 50 104 62 90 52 64 66 
23 Strawberry 1 257 21.54 0.33 32 Ethyl decanoate 110-38-3 9: 106 105 77 51 52 76 75 37 49 
24 Strawberry 2 12 22.05 0.12 1 Octanoic acid 124-07-2 16: 55 69 70 56 84 83 43 41 112 68 
67 98 111 57 97 82 
25 Tomato 1 179 24.32 0.02 32 Unknown   
26 Tomato 2 196 24.78 0.02 32 Unknown   
27 Unknown neutral 5 180 25.27 0.02 32 Decanoic acid 334-48-5 20: 73 60 129 57 43 55 41 71 69 87 
83 61 84 39 143 74 42 45 112 56 
Variety: Frontenac gris; Harvest Time: 24 September 2015; Sample Number: 1 
1 Rotten eggs, sulfury 7 2.54 2.04 2 Not detected   
2 Alcoholic 5 3.33 0.06 1 Ethanol 64-17-5 17: 45 46 43 42 47 41 44 33 40 48 77 
49 61 39 104 34 96 
3 Butterscotch 2 4.32 0.57 1 Dimethylamine 124-40-3 2: 44 40 
4 Body odor 0 5.31 0.08 1 Isobutyl alcohol 78-83-1 4: 43 41 42 56 
5 Honey, caramel, 
butterscotch 
333 5.85 0.01 32 Ethyl isobutyrate 97-62-1 11: 43 71 41 116 88 73 89 42 39 55 
53 
6 Floral, fruity 11 6.99 0 2 Ethyl butyrate 105-54-4 20: 71 88 43 73 41 60 89 42 101 70 
45 39 61 116 72 55 44 90 74 87 
7 Solvent 5 7.27 0 1 Unknown   
8 Over ripe 3 8.01 0.09 1 Not detected   
9 Fruity 1 14 8.15 0.2 2 Not detected   
10 Banana 9 9.08 0.04 1 Isoamyl acetete 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
88 58 56 57 85 45 53 54 115 
11 Unknown pleasant 1 0 11.32 0.09 1 Unknown   
12 Fruity 2 12.29 0.03 1 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 73 71 41 61 55 42 115 45 39 87 69 117 89 100 
13 Garlic 1 12.83 0.11 1 Not detected   
14 
Unknown 
unpleasant 2 19 15.7 0.1 2 Methyl octanoate 111-11-5 
11: 74 87 127 75 115 59 101 97 83 
129 67 
15 Cut grass, fruity 9 17.15 0.11 1 Ethyl octanoate 106-32-1 
20: 88 101 127 57 73 70 60 55 41 61 
43 129 115 89 42 69 143 45 83 39 
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Aroma Event Width (min) OD * 
Mass Spectral Library 
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Chemical 
Abstracts 
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Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
16 Floral 5 19.5 0.54 1 Unknown   
17 Strawberry, honey 282 21.45 0.72 32 Ethyl decanoate 110-38-3 
20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 115 57 71 143 83 42 84 
18 Strawberry 11 21.98 0.2 2 Octanoic acid 124-07-2 20: 60 73 43 101 55 41 84 85 87 61 
115 45 39 42 57 56 74 83 59 53 
19 Tomato 1 24.78 0.02 1 Unknown   
20 Unknown neutral 2 0 25.27 0.02 1 Decanoic acid 334-48-5 
20: 60 73 129 71 57 87 112 172 115 
45 110 39 130 59 82 113 68 72 173 
44 
Variety: Frontenac gris; Harvest Time: 24 September 2015; Sample Number: 2 
1 Rotten eggs, sulfury 67 2.59 0.08 32 Not detected   
2 Alcoholic 347 3.39 0.13 32 Ethanol 64-17-5 16: 45 46 43 42 47 41 44 33 40 48 77 
49 39 78 61 79 
3 Honey, caramel, 
butterscotch 
336 5.86 0.1 32 Ethyl isobutyrate 97-62-1 10: 43 71 88 73 89 39 72 101 57 56 
4 Honey 64 6.53 0.04 32 Isobutyl acetate 110-19-0 9: 43 56 73 61 57 86 74 58 53 
5 Unknown pleasant 259 7.09 0.07 32 Ethyl butyrate 105-54-4 20: 71 88 43 41 73 60 89 70 42 101 
45 39 61 116 72 55 44 59 90 69 
6 Solvent 213 7.38 0.07 32 Unknown   
7 Body odor 220 7.68 0.14 32 Isoamyl alcohol 123-51-3 15: 55 70 42 43 39 45 71 46 44 53 40 
54 35 60 52 
8 Fruity 1 269 8.2 0.09 32 Ethyl methylbutyrate 7452-79-1 6: 102 85 74 87 115 103 
9 Fruity 2 85 8.4 0.09 32 Ethyl isovalerate 108-64-5 10: 88 85 60 87 61 115 86 59 89 130 
10 Banana 306 9.16 0.08 32 Isoamyl acetete 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
88 44 58 56 57 85 45 53 54 
11 Woody 1 27 10.31 0.06 32 Ethyl lactate 97-64-3 6: 45 75 43 47 61 74 
12 Vinegar 37 11.45 0.06 32 Acetic acid 64-19-7 6: 43 45 60 42 41 44 
13 Cereal 100 11.75 0.39 32 Unknown   
14 Fruity 306 12.43 0.11 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 73 71 61 41 55 42 115 45 39 87 69 117 89 102 
15 Garlic 102 12.89 0.11 32 Not detected   
16 Mushroom 52 14.95 0.06 32 Unknown   
17 Sweaty 250 15.74 0.45 32 Methyl octanoate 111-11-5 6: 74 87 115 59 98 84 
18 Match, sulfury 88 16.74 0.08 32 Not detected   
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19 Cut grass, fruity 340 17.26 0.19 32 Ethyl octanoate 106-32-1 
20: 88 101 127 57 73 70 60 55 41 61 
43 129 115 89 42 69 143 45 83 39 
20 Woody 2 63 18.23 0.12 32 Unknown   
21 Rose 2 249 20.05 0.3 32 Phenethyl alcohol 60-12-8 20: 91 92 122 65 39 51 78 89 103 104 
123 50 62 52 64 66 38 41 76 121 
22 Strawberry, honey 266 21.45 0.3 32 Ethyl decanoate 110-38-3 20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 57 115 71 143 83 42 84 
23 Strawberry 422 22.1 0.11 32 Octanoic acid 124-07-2 20: 60 73 43 41 55 101 85 84 87 115 
61 45 69 39 42 57 56 74 83 82 
24 Carrots, woody 113 22.61 0.69 32 Unknown   
25 Fecal 55 23.4 0.02 32 Unknown   
Variety: Frontenac gris; Harvest Time: 1 October 2015; Sample Number: 1 
1 Rotten eggs, sulfury 58 2.59 0.08 32 Not detected   
2 Alcoholic 361 3.39 0.13 32 Ethanol 64-17-5 16: 45 46 43 42 47 41 44 40 33 77 39 
49 61 56 115 129 
3 Honey, caramel, 
butterscotch 
431 5.86 0.1 32 Ethyl isobutyrate 97-62-1 11: 43 71 41 88 116 89 72 44 87 55 
70 
4 Honey 122 6.53 0.04 32 Isobutyl acetate 110-19-0 9: 43 56 73 41 39 71 61 57 37 
5 Unknown pleasant 307 7.09 0.07 32 Ethyl butyrate 105-54-4 19: 71 88 43 73 41 60 70 101 42 45 
61 39 116 55 44 57 87 69 117 
6 Solvent 291 7.38 0.07 32 Unknown   
7 Body odor 277 7.68 0.14 32 Isoamyl alcohol 123-51-3 16: 55 70 42 41 43 39 44 53 40 54 38 
50 47 37 72 36 
8 Fruity 1 314 8.2 0.09 32 Ethyl methylbutyrate 7452-79-1 7: 102 85 87 115 103 73 75 
9 Fruity 2 112 8.4 0.09 32 Ethyl isovalerate 108-64-5 7: 88 85 60 87 115 59 103 
10 Banana 337 9.16 0.08 32 Isoamyl acetete 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
58 56 88 44 57 85 45 53 54 
11 Woody 1 55 10.31 0.06 32 Ethyl lactate 97-64-3 5: 45 75 44 47 56 
12 Vinegar 57 11.45 0.06 32 Acetic acid 64-19-7 4: 43 45 60 42 
13 Cereal 138 11.75 0.39 32 Unknown   
14 Fruity 333 12.43 0.11 32 Ethyl hexanoate 123-66-0 
20: 88 99 43 101 60 70 73 71 41 61 
55 42 115 45 39 87 69 117 89 74 
15 Garlic 129 12.89 0.11 32 Not detected   
16 Mushroom 55 14.95 0.06 32 Unknown   
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17 Sweaty 250 15.74 0.45 32 Methyl octanoate 111-11-5 
15: 74 87 127 43 57 55 115 59 41 75 
101 129 84 39 98 
18 Rose 1 27 16.44 0.05 32 Unknown   
19 Match, sulfury 136 16.74 0.08 32 Not detected   
20 Cut grass, fruity 348 17.26 0.19 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
129 43 115 89 42 69 143 83 45 39 
21 Woody 2 52 18.23 0.12 32 Unknown   
22 Rose 2 290 20.05 0.3 32 Phenethyl alcohol 60-12-8 20: 91 92 122 65 51 77 39 93 63 78 
89 103 50 62 90 52 66 79 64 102 
23 Strawberry, honey 268 21.45 0.3 32 Ethyl decanoate 110-38-3 20: 88 101 155 157 73 70 55 41 43 60 
61 69 115 89 57 71 143 83 42 84 
24 Strawberry 458 22.1 0.11 32 Octanoic acid 124-07-2 20: 60 73 43 55 101 41 85 84 87 69 
115 61 45 39 42 57 56 74 83 82 
25 Carrots, woody 156 22.61 0.69 32 Unknown   
26 Fecal 61 23.4 0.02 32 Unknown   
Variety: Frontenac gris; Harvest Time: 01 October 2015; Sample Number: 2 
1 Rotten eggs, sulfury 75 2.59 0.08 32 Not detected   
2 Alcoholic 391 3.39 0.13 32 Ethanol 64-17-5 14: 45 46 43 42 47 41 44 40 33 77 49 
39 38 78 
3 Honey, caramel, 
butterscotch 
423 5.86 0.1 32 Ethyl isobutyrate 97-62-1 13: 43 71 41 88 116 73 42 89 101 55 
72 90 57 
4 Honey 87 6.53 0.04 32 Isobutyl acetate 110-19-0 12: 43 56 73 41 71 39 61 57 55 86 44 
38 
5 Unknown pleasant 324 7.09 0.07 32 Ethyl butyrate 105-54-4 20: 71 88 43 41 73 60 89 42 70 101 
45 39 61 72 55 44 57 40 87 69 
6 Solvent 337 7.38 0.07 32 Unknown   
7 Body odor 359 7.68 0.14 32 Isoamyl alcohol 123-51-3 20: 55 70 42 41 43 39 45 71 46 53 40 
54 51 50 72 49 35 65 86 48 
8 Fruity 1 345 8.2 0.09 32 Ethyl methylbutyrate 7452-79-1 6: 102 85 87 74 103 115 
9 Fruity 2 122 8.4 0.09 32 Ethyl isovalerate 108-64-5 7: 88 85 60 115 87 73 86 
10 Banana 382 9.16 0.08 32 Isoamyl acetate 123-92-2 
20: 43 70 55 87 61 41 42 73 69 39 71 
88 56 58 44 57 85 53 45 54 
11 Woody 1 49 10.31 0.06 32 Ethyl lactate 97-64-3 6: 45 75 47 46 103 89 
12 Vinegar 38 11.45 0.06 32 Acetic acid 64-19-7 5: 45 43 60 42 47 
13 Cereal 152 11.75 0.39 32 Unknown   
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14 Fruity 419 12.43 0.11 32 Ethyl hexanoate 123-66-0 
20: 88 99 43 101 60 70 73 71 61 41 
55 42 115 45 39 87 69 117 89 74 
15 Garlic 207 12.89 0.11 32 Not detected   
16 Mushroom 48 14.95 0.06 32 Unknown   
17 Sweaty 372 15.74 0.45 32 Methyl octanoate 111-11-5 14: 74 87 127 55 57 101 115 59 75 84 
69 98 85 128 
18 Rose 1 34 16.44 0.05 32 Unknown   
19 Match, sulfury 153 16.74 0.08 32 Not detected   
20 Cut grass, fruity 417 17.26 0.19 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
129 43 115 89 42 69 143 83 45 39 
21 Woody 2 71 18.23 0.12 32 Unknown   
22 Rose 2 321 20.05 0.3 32 Phenethyl alcohol 60-12-8 20: 91 92 122 65 39 51 77 93 89 78 
103 104 50 123 62 90 52 64 66 38 
23 Strawberry, honey 321 21.45 0.3 32 Ethyl decanoate 110-38-3 20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 115 57 71 143 83 42 84 
24 Strawberry 517 22.1 0.11 32 Octanoic acid 124-07-2 20: 60 73 43 101 55 41 85 84 87 69 
115 61 45 39 42 57 56 74 83 59 
25 Carrots, woody 178 22.61 0.69 32 Unknown   
26 Fecal 58 23.4 0.02 32 Unknown   
Variety: Frontenac gris; Harvest Time: 09 October 2015; Sample Number: 1 
1 Rotten eggs, sulfury 78 2.59 0.08 32 Not detected   
2 Alcoholic 355 3.39 0.13 32 Ethanol 64-17-5 17: 45 46 43 42 47 41 44 40 33 77 49 
39 61 78 55 34 53 
3 Unknown neutral 1 5 4.16 0.03 2 Not detected   
4 Honey, caramel, 
butterscotch 
378 5.86 0.1 32 Ethyl isobutyrate 97-62-1 13: 43 71 41 116 88 73 89 101 39 42 
72 70 117 
5 Honey 60 6.53 0.04 32 Isobutyl acetate 110-19-0 7: 43 56 73 39 57 61 86 
6 Unknown pleasant 296 7.09 0.07 32 Ethyl butyrate 105-54-4 20: 71 88 43 73 41 60 89 70 42 101 45 39 61 72 116 55 44 40 57 38 
7 Solvent 296 7.38 0.07 32 Unknown   
8 Body odor 318 7.68 0.14 32 Isoamyl alcohol 123-51-3 
20: 55 70 42 41 43 39 45 69 71 46 44 
40 38 51 50 37 73 49 86 85 
9 Fruity 1 289 8.2 0.09 32 Ethyl methylbutyrate 7452-79-1 6: 102 85 74 115 87 103 
10 Fruity 2 170 8.4 0.09 32 Ethyl isovalerate 108-64-5 8: 88 85 60 61 87 59 73 103 
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11 Banana 374 9.16 0.08 32 Isoamyl acetate 123-92-2 
20: 43 70 55 87 61 41 42 73 69 39 71 
56 88 44 58 57 85 45 53 54 
12 Woody 1 47 10.31 0.06 32 Ethyl lactate 97-64-3 2: 45 75 
13 Vinegar 35 11.45 0.06 32 Acetic acid 64-19-7 7: 45 43 60 42 44 47 72 
14 Cereal 145 11.75 0.39 32 Unknown   
15 Fruity 416 12.43 0.11 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 73 71 61 41 
55 42 115 45 39 87 69 117 89 102 
16 Garlic 168 12.89 0.11 32 Not detected   
17 Mushroom 61 14.95 0.06 32 Unknown   
18 Sweaty 384 15.74 0.45 32 Methyl octanoate 111-11-5 9: 74 87 115 57 59 75 84 98 83 
19 Rose 1 39 16.44 0.05 32 Unknown   
20 Match, sulfury 134 16.74 0.08 32 Not detected   
21 Cut grass, fruity 381 17.26 0.19 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
129 43 115 42 89 69 143 83 45 39 
22 Woody 2 78 18.23 0.12 32 Unknown   
23 Rose 2 319 20.05 0.3 32 Phenethyl alcohol 60-12-8 20: 91 92 122 65 77 51 39 63 93 78 
89 103 123 104 50 90 62 64 79 66 
24 Strawberry, honey 336 21.45 0.3 32 Ethyl decanoate 110-38-3 20: 88 101 155 157 73 70 55 41 43 60 
61 69 115 89 57 71 143 83 42 85 
25 Strawberry 457 22.1 0.11 32 Octanoic acid 124-07-2 20: 60 73 43 101 55 41 85 84 87 115 69 61 39 45 42 57 56 74 83 97 
26 Carrots, woody 155 22.61 0.69 32 Unknown   
27 Fecal 97 23.4 0.02 32 Unknown   
Variety: Frontenac gris; Harvest Time: 9 October 2015; Sample Number: 2 
1 Rotten eggs, sulfury 61 2.59 0.08 32 Not detected   
2 Alcoholic 304 3.39 0.13 32 Ethanol 64-17-5 15: 45 46 43 42 47 41 44 33 40 48 77 
49 39 61 34 
3 Unknown neutral 1 0 4.15 0.02 1 Not detected   
4 
Honey, caramel, 
butterscotch 320 5.86 0.1 32 Ethyl isobutyrate 97-62-1 8: 43 71 41 88 116 73 89 72 
5 Honey 41 6.53 0.04 32 Isobutyl acetate 110-19-0 
14: 43 56 73 41 39 71 57 86 74 55 44 
60 58 101 
6 Unknown pleasant 268 7.09 0.07 32 Ethyl butyrate 105-54-4 
19: 71 88 43 73 41 60 89 42 70 45 39 
61 55 44 40 69 38 74 102 
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Table A1 continued 
 
Event 
Number Aroma Descriptor Weighted Intensity 
Retention 
time 
(min) 
Aroma Event Width (min) OD * 
Mass Spectral Library 
Identification 
Chemical 
Abstracts 
Service 
Number 
Significant Ions 
(Number of Ions Listed: Ions Listed 
in the Order of Intensity) 
7 Solvent 292 7.38 0.07 32 Unknown   
8 Body odor 349 7.68 0.14 32 Isoamyl alcohol 123-51-3 
16: 55 70 42 43 39 69 71 46 53 54 50 
59 60 72 52 65 
9 Fruity 1 23 8.2 0.09 2 Ethyl methylbutyrate 7452-79-1 6: 102 85 74 115 87 103 
10 Fruity 2 244 8.4 0.09 32 Ethyl isovalerate 108-64-5 8: 88 85 60 61 87 115 59 73 
11 Banana 373 9.16 0.08 32 Isoamyl acetate 123-92-2 20: 43 70 55 87 61 41 42 73 69 39 71 
88 56 44 58 57 85 45 53 54 
12 Woody 1 32 10.31 0.06 32 Ethyl lactate 97-64-3 3: 45 75 76 
13 Vinegar 30 11.45 0.06 32 Acetic acid 64-19-7 7: 43 45 60 42 41 61 47 
14 Cereal 147 11.75 0.39 32 Unknown   
15 Fruity 389 12.43 0.11 32 Ethyl hexanoate 123-66-0 20: 88 99 43 101 60 70 73 71 61 41 
55 42 115 45 39 87 69 117 89 100 
16 Garlic 145 12.89 0.11 32 Not detected   
17 Mushroom 63 14.95 0.06 32 Unknown   
18 Sweaty 358 15.74 0.45 32 Methyl octanoate 111-11-5 11: 74 87 127 75 115 59 101 97 83 
129 67 
19 Rose 1 132 16.44 0.05 32 Unknown   
20 Match, sulfury 183 16.74 0.08 32 Not detected   
21 Cut grass, fruity 394 17.26 0.19 32 Ethyl octanoate 106-32-1 20: 88 101 127 57 73 70 55 60 41 61 
129 43 115 89 42 69 143 83 45 39 
22 Woody 2 102 18.23 0.12 32 Unknown   
23 Rose 2 321 20.05 0.3 32 Phenethyl alcohol 60-12-8 
20: 91 92 122 65 39 51 77 63 93 78 
89 103 104 50 90 52 66 41 38 61 
24 Strawberry, honey 395 21.45 0.3 32 Ethyl decanoate 110-38-3 
20: 88 101 155 157 73 70 55 41 43 60 
61 69 89 115 57 71 143 83 42 85 
25 Strawberry 524 22.1 0.11 32 Octanoic acid 124-07-2 
20: 60 73 43 55 101 41 85 84 87 69 
61 115 39 45 42 57 56 74 83 59 
26 Carrots, woody 155 22.61 0.69 32 Unknown   
27 Fecal 117 23.4 0.02 32 Unknown   
* OD = Odor dilution (defined in Materials and Methods) 
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CHAPTER 7. GENERAL CONCLUSIONS 
Conclusions from this research are as stated hereafter.  Total tannins ranged from 
0.29 to 0.66 mg/berry catechin equivalents (CE).  One-third of total tannins were extracted 
from the skins.  Marquette had the most bitter seed tannins (0.54 mg/berry).  St. Croix had 
the most Astringent skin tannins (0.24 mg/berry).  60% of total color at pH 4.9 was from 
monomeric pigments.  Thirty-nine volatiles (from single berries), 44 volatiles (from whole 
clusters), and 110 volatiles (from crushed berries) were emitted in-vivo from selected cold-
hardy grapes during berry maturation from veraison to harvest.  The most impactful aromas 
were identified and quantified in cold-hardy wines and sensory descriptors from industry 
trained professionals were reported. 
 
